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PART I.-AERONAUTICS 


ACCELEROSIETER— AERODYNAMIC RESEARCH, FUIA, SCALE 


AorELEROMETEit, usoil 1)11 aircraft. Soo [ 
“ Aorndynamic HoHcarch, Full Scale,” § (Ki). ; 
Acetylcellulose, use m reducing the 
ixirrneability of rublier fabrics. See “ Dif- 
fusion through Mombranoa,” § (1.'3) (iv.). 
AERODYNAMrC BALANCE, DliSCRIPTION OF. 
See “ Model ExiKirimorits in Aoronautic.s,” 

Aerouynamic Forces and Moments acting 
on airship hulls duo (1) to a motion of pure 
translation and (2) to rotation. Seo “ Air- 
ships, Experiments on,” §§ (19), {2:1). 

AERODYNAMIC UESI-:ARCH, FULL 
SCALE 

An Account of the Methods and Apihr- 
atus employed at the Roy\l Aircraft 
FIstablishment 

§ (1) Introductory.— Research work in aero- 
nautics may bo classified under the two heads 
of"york in the laboratory and work in the 
air. On the aerodynamic side, the laboratory 
work consists almost entirely of tests of 
models in a wind tunnel. The wind tunnel 
plays in aeronautics much the same part 
as th^ Froudo tank ylays in marine engineer- 
ing. Apart from the widely different state 
of derelopfhont of the two branches of 
•engineering, there is, however, this important 
difference. In the case of a body moving in 
the free surface of a liquid, acted on by gravity, 
the law ^ of Dynamic Similarity requires that 
the model should be tested at a speed directly 
proportional to the square root of the scale 
of its linear dimensions ; but in the case of 
a body mo vinj^ through the atmosphere the 
‘model must he tested at a speed* inversely 
proportional to the scalim It is poss^ile to 

“Dynamical Similarity," ( (l), VoL L ; also 
** Atrezaft Model Experiments." ^ ^ 
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.satisfy the conditions for dyniiinic similarity 
in the tank ; but the .spcisl rc(|iiired for tins 
in a uffid tunnel i.s not [iractjcablc. A 
tunnel of piohibilive dimensions would bo 
ri'quired, as for a small model the sjieod would 
be so grcait that the comj)r('S.sihility the 
air would become important and the results 
woukl be vitiaU'd on this account. The value 
of wiml tunnel fesults depends, tlioreforc, to an 
apfiieciabli! exten^on the accuracy with which 
the relation iKdween model and ful^ scale is 
known. 

At the same time it slionld bo remomlx’rcd 
that thc^orees uith wliiidi the investigiRkHl 
is eoneerneil vary a))proximatcly as the •quare 
of the Sliced and the sqi^re oi the linear 
dimensions. 

The scale cfTi'ct introduces a coireetion to 
this, often of great importance, hut valuable 
iiifonnation can be obtained in .some cases 
from niiHlel experiments without an exact 
knowledge of the correction. The value of 
the possibility of using wind tunnels in aero- 
nautical research is ho great that full-scale 
work should largely be devoted to obtaining 
the closest possible comparisons with model 
mca.surements. Tt is not necessary to enlarge 
upon the possible saving of time, money, and 
life involvetl, and the wind tunnel is obviously 
more readily adaptable to analytical measure- 
ment. There remain, however, cases — for 
instance, when the handling of an aeroplane 
by different pilots is concerned — where only < 
full-scale observation is of valift. 

Some of the methods employed for full- 
scale research to be doscrilied are^^gmctically 
identical with the methods of mcastIFement * 
employed fyr routipe of aeroplane 

performance, in pa^j^icular the method of 
measuring speed, fete of elimb,«»and longi- 
tudinal stabilitiy. An^'attempt will be made 
to describe bri|£ly*the generat principles of 
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the methoda and apparatus ernpfoyod for 
measuring the Bpwjtl, rate of dim!), and Itwost^ 
flying spend, and determining the lift and the ' 
drag )>f an aeroplane and the tlirust of the 
airseiow ; of determining tiio jxjBsihlo loadi 
occurring*^on the .stnieture in flight and the 
distribution of the load ; of investigating 
staliility, maiKeuvrabihty, am! control. 

§(2) AKKorLANic PicniforiMANCE. -The word 
“ porfurmanee ” is commonly usisl to denote 
the H[)Oed at whif;h an acroplam* can fly level, 
and the rate at which it can climb at various 
heights above sca-lcvcl. 'J'hc hnecs cxciti'd 
by the air ujioti a body moving through it 
depend upon the density ol the air and u|Mjn 
the velocity of motion. TIu' density is thus one 
of the <(uanlities ri'ijmimg incaHurcment, and 
is obtaini'd by obsinvations of atmosplicne 
pressure and temperature. .Vs the pmform- 
* anoe of the engine may depend u()on both the 
density and the ti>mpvrature of tlu' atrnosplicre, 
temperatiiie observalions are in any case 
requiri'd in addition to the mcasujjement of 
density, wlieieviT tiu' engine is involved. 
'Phe pn'ssuro is obtained by mcan.s of an 
anoi^ild baronu'ter, which is earned in all 
aeroplanes as an indicator of height. 'Phe 
principle of operation of tlii;-' instrument is .s(» 
familiar that it need not he dc.scnbcd here. 
The aeroiilaiie aneroid difler.s from the 
domestic aneroid chiefly ic having a largi'r 
range an I a less opmi scale, which is graduatrsl 
in feet of heiglit above sivi-level in an arbitrary 
atmosiiliero of uniform tempm’atiire (l()'('.). 

aneroid is desigmsi with a view to ledueing 
lag in' operation to a minimum, and Ibe Ix.st 
instruments useih on resoatvh work are very 
good in this res[)ei’t. It is also carefully 
eonipensated for e(T<>ets of temperature 
variations upon its indnalions as a pres,snre 
gauge. P’or evjK'rmumtal jmrposes aeroplanes 
are fitted with a s(H'< ial alcohol thermometer 
in an exposed position, having a bulh of huge 
surfaee/volume ratio, so that it shall quickly 
follow changes of temperaf uiv. The aneroid 
serves tlie double purpose, from the e\|)eri- 
niental point of view, of determining the 
atmospheri)’ [iressure and immsuring the rate 
of climb in conjunction with a stop-watch. 
For tho latter purpose the ohservalions 
mjuire corrc'ction for variation of the 
atmi'spheric temperaturo fnnn the arbitrary 
^ constant temiiernturu for wliieh tho aneroid 
' is calibrated. 

The speed flight is measured by means 
of the “ air-spocil indicator,” which forms a 
standawj^n-t of the in.strumcntal ettuipment 
^ of all Rntish aeroplanes. 

§ (3) The Air^si’ceu fNDicATtfR. — Perhaps 
tho most obvious met Ini'! of determining the 
speed of tlk> aeroplamjHhrou^ tho air is by 
measuring the rate of revojutioh of an anemo- 
meter, consisuug of a smap screw -shaped 


windmill, a method commonly employed 
upon Oerman aeroplanes. Tliis form of 
instniment has been used in this couiiiry for 
meteorological purposes and for measuring 
air flow in mines, etc., and is now being 
developed as an air-log for aerial navigation. 
Tho ' instrument used on Pritish ae%»planes 



Flo. 1 — 1‘ltot uiiii static Tubes, as fittetl to an 
Ai loplaiic 


doi'S not directly determmo the true air s]>eed, 
lull inea.suies pressure due to the motion, 
and so involves (he den.sity of the air. Fur 
oidinary flying purposes and for experimental 
work this IS leally more useful than a true 
mdi(‘ation of speed, as it measures directly 
the quantity upon wJiieh tiu* reaction of a 
l)od\ moving Ihiough the air at a detiniti> 
attitude depi'iids. (bven the weight and 
aerodynamic projieitii's of tlie aerojilane, this 
” indu-ated speetl ” is m steady flight a 
measuie of the attitude at which (In' acrojilane 
IS meeting the air. In this msti iinient (/’ij/. 1) 
opposite sides of a sensitive pics.suie gauge 
are connected to a ” I'ltot ” tube and to a 
“static” tnlM‘. The I’ltot Is an iqien-ended 
tube pointing up-wind. 'Die st.itie tube has 
a pointed end facing up wind and a number 
of small holes drilhsl through its walls a short 
distance ba< k fioin the ” .stieanihne ” point. 
Am the How past these lioles is parallel flow, 
the pressure in the tube is the atmospheric 
or ” static ” piwssuro. Tlie pressure in tho 
Fitot tube is gieater tlian this hy tho velocity 
head (»f the air jpr*. This follows theor^ic- 
ally from Hcmoulir.s equation, assuming ^hat 
a tilaiiicnt of air is hrouglit lo rest over the 
end of tln.s fiilio, and is found to lie at least 
very closely true in pmetice. Tho pressure 
gauge eonsi.st8 in o.ss(j|ico of tw^o vessels 
separaUal by a spring - controlled diapliragra 
of rubber, oiled silk, or corrugated nietol, 
with a suitable mechanical magnification o^ 
the movement and a pointer moving over a 
dial calibrated in miles jier hour (or knots) 
at standard sea-level density ; so that if <r 
is tho relative density, the instrument records 
V \V, where V is tho tnie speed through the 
air. 

The Pitot and static tubSi are commonly 
fitted in front of one of the front outer inter* 
plane struts, Eitkcs in readings are intro- 
duceef owing to the disturbance of flow^by 
the aerop^ne, ^d to the :lfaot that the tubes 
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ar6 rigidly fixed to the aero{)lano and cannot 
lie along the linee of flow at any but one 
attituc^i of the aerojilane. The position 
dotK'fihw is probably the best practicable 
position for the pressure head for least 
interference, but errors of as much as 5 per 
cent on velocity may occur. I’or acruratt' 
work tno uii-sjxKxl indicator unit therefore 
re<|uircs calibration, and this is cffectcsl by 
flying the aeroplane at various s|)oeds Dver a 
speed course, or sometimes by Ilymg by the 
side of another aeroplane alivady calibrated 
over the speed course. (See next paragraph.) 
All attempt is bem{* mailo to tibviatc the 
necessity for this sfK'cd course calibration 
by sustxTiding the Pitot and static tulM*s at 
s<,»me distance below the acio])lane, stabilising 
this unit by .suitable vanes. 

The gauge pait of this iiKstrunient rcquirc'S 
calihratuui fioiu time to tunc against a head 
of water. Those with inet.d diaphragma are 
the most satisfactory 1 he Pitot tub<‘ ean 
lie quite cni<lely mad(‘, but the static pait 
must be fairly truly parallel oviu- tlu* |»ait 
containing the sm.ill holes, and the holes must 
not be Imircd .so that any metal projects 
outwards. It is not lua’cssary to calibrate 
this, but mcicly to in.spect the static tube. 
For experimental work, howc\er, the instiu- 
incnt 13 calibrated as a complete unit in place 
on the aeroplane over a .speial course. 

Prior to IDli) the pressure gauge' dcscrilx'd 
was commonly replaced hy a loncentric U-tube 
filleel with a coloured lujuid of low free/.mg- 
poiiit. 'Fills instnimcnt, being “ gravity 
controlh'el,” has a eahhratioii depeuiding upon 
the acceleration of the aeio[)lane normal to 
the flight path, and it is easily w'l'P. that 
the readings t:ive a measure of the iiuudeiice 
of the wings for accelerated as well as for 
steady motion. For .some ('xperimental pni- 
poses this would bo of distmot \alue, but the 
instrument has fallen into di.susi' owing to its 
im^nvenient square law scale, and the 
confrquent closeness of the scale at low 
speerls. The static tuln* has lxx*n replaced 
in France by a small Venturi tube, and m 
this way a larger diflerence of jirossurc is 
obtaiijod and a less^scnsitive proasure gauge 
is required. This instrument has the disad- 
vantage tha* Venturi tubes in an open stream 
*are sensitive to small changes of constioiction, 
and each Venturi tube rerjiiirex imlividual 
calibration. There is, moreover, no difficulty 
in constructing pressure gauges of sufficient 
sensitivity and reliability for the Pitot-static 
combination. (lemian aeroplanes have com- 
monly been fitted with the anemometer 
already dlscuse^, which measures the true 
•air speed directly. • 

§ (4) The Speed Cou^.— For the calibra- 
tiiA of air-speed indicators, speed coiftses of 
various forms have been employed. These 


essentiallj* measure ^he rate of tmvel of the 
I acrop^ne over the ground, w Inch is the resultant 
^of the velocity of the aeroplane through the air 
I (which it is desired to measure) and the velocity 
1 with which the air is moving over the ground. 

I The “ (iroiind Speed {’ourse ” at Fainborough 
j is a simple form. Two huts, KKK.) \ards ajiart, 

' upon 0 clear level strt'tcli of ground, are fitted 
with pairs of xcrfical wires detei mining two 
j vertical ] 'lanes at right angles to the eourst;, 
and areeonnrcted hyeleetiie Ix'lls for signalling. 

I The aeroplane is fluwii alternutely uji and down 
i the course a h'W feet nbo\e the ground, and 
the observer m each hut in turn starts his 
stoji-wateh a.s the iierojilant' enisscs his wires, 
ami simiiltaneouHly signals to the other by 
pu'ssmg Ills bell switch, and stops his wnteli 
when the other signals the ])as.sag(' of the 
aeiopiane past his wins. 'J'he other observer 
has also Ktaited Ins watch on hearing the hell 
ami stopped it as tlu' ai'i’ojilam' piihsed his 
wiK's l>y fl.vmg alteinately in oppositi' direc- 
tions the etTeet of tlie wind along the Cfuirse 
IS eliminated, but tlic ctb'ct of cioss-wind must 
he allowed foi. 'Flu* tiu<' air sjiccci is simjily 
the ic.sultiint of tJie mean s|)eed along the 
coiiisi' and the eross-wiml, and the lat%'r is 
readily ob.sei\etl hy iiK'nns of .in anemometer. 

Two methods of ilealiiig with cross-winds 
aie av.iil.ihle. In the fiist, the aerojilano is 
headed into the ^ind, so that- it flics along 
the couise, iind c(»ircction is madt' for the emss- 
wmd. The sMstnd method l onsisls of heading 
the aeropl.im* m the direction of the course 
ami allo\<^ng it to diifl across the course wi th 
the wind In this wav tlic sfx'cd throii^lFfllr 
air IS im aMircd dircitly. secoml method 

has Ixcn used on the ground course at Farn- 
1)01 ough, ami it is also used in Aincrica, and 
has the advantage of avoiding sejiarate ob- 
servations rtf <To8H-wind, On a long course, 
however, the drift lU'ci'.ssitatcs a wide angle of 
f.liM-rvatirtn, and for tins reason on the “ ujipcr 
course ” at Fainhorough the first method is 
ado|)ted. 

Tfu' “ Upper Spi'crl Uourse ” at Fumftorough 
(Fiff. ' 2 ) is similar in jirincijile, hut mort' elabor- 
ate apparatus is used, ami tht' sj)ce<i can be 
ineasurerl at any height at which observation 
from the ground is possible. At each sbition 
a horizontal teloscofX) at right angles to the 
course fitted with a cross - wire and a 4/>" 
reflecting jirism in front of the object glass 
determines a vertical plane across the course, j 
and on the passage of^tho aeirfdane an electric 
circuit is closed which marks a moving tajHi 
upon which time intervals arc lieing marked 
continuously, both statifins operatiff^^upon thei 
same tape. ^ ^ * • 

To observe the flight of the aeroplane, a 
similar telescope atfeach Station i^ arranged to 
rotate about fts axif. The observer at the 
first station, after tecording tlft passage of the 
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a^roplano aorosa his ver^cal plane, •follows it 
with this second telescope until the fxjond 
observer prossc's his key as the aeroplane • 
crosses his vertical j>lane, which automatically 
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(Royal Aircralt K«tulilLshtacnt). 

throws the rotatim; s^'ar oi^i of action. Kach 
observer has thus to watch for the ptiasagj' of 
the nentplano across his tixtul plane and to 
make his rotatable [)hine contain tlie aeroplane 
while it is crossing: the other fix<s? plane in 
direction, 'Phe height at each end is 
obtained in this ^vay as the mterseetion of a 
vertical and an mclitusl plane. When the 
speed course is used for din'ct nieasureuicnt 
of the sjMHsl of h*vc! flight, these height 
ineasuretnents are important to ensure that 
the aeroplane is flown level, any inclination of 
the f>ath of course nITecting the sjieoil obtoined. 
Fur purposes of e^dibratioii they are of less 
importance and aimpiv ju-ovido a check upim 
the aneroid ofisorvations taken on the aerr)- 
plane. They are in.sufticient, as it is not 
merely the licight liut the atmospheric condi- 
tions of pressure and temperature which are 
required, and these must bo obtained by 
readings of aneroid and thermometer taken 
by the pilot nr observer in the aeroplane. 

To allow for cross-wind the strength and 
k direction of the wind at the height at which 
the aeroplane il tlying ^u.st be observed, and 
for this a camera obseiira is use<l. The motion 
of the air is made visible by firing a parachute 
r light or STfmoke puff from the aemplane over 
the camera, and* fl^s d^fta with the wind. 
The imago of this is projgjcted on to a sheet of 
paper by th| lens of the c*nera and is marked 
down at intervals of tinfe by the observer. 
'*^ith this tyf[>e of speed fcouJse the pilot has 


to keep his direction along the course and to 
keep his speed and height constant. 

The speed course is clearly a probleiH which 
can be solved in a variety of ways, and difllfrent 
forms have been used, some of which have the 
advantage of allowing the pilot considerable 
latitude in the direction of flight. The original 
method used by the Testing Sqiuwlron at 
Upavori consisted of plottmg the paths of the 
images of the aeroplane in two canyra obscuras, 
marking down the images at intervals of time. 
The aeroplane may fly in any direction making 
an angle of at least 45° with the lino joining 
the cameras. This melhoil is, however, less 
accurate than that described above, and the 
observations reqiiiie a more elaborate calcula- 
tion to obtain the ri'sults. Mortxiver, the 
telescopes give a lictU'r definition than the 
camera, and the coui’se (san therefore be used 
on days of infenor visibility to those required 
for the camera obscura method. Also, it is 
dillieult for the pilot to be ecrtain when 
he is flying in the fu'ld of view of the 
cameras. 

Similar iu princijilc to the camera obscura 
speed course is the apparatus known as “ Hill’s 
mirrors.” liie cameras arc rejilaccd by plane 
mirrors marked m sijuarcs, and the image of 
the aer()])lane is viewed by the observer through 
a fixed eyefiiece. 

The sfieiHl course forms the basis of all speed 
dctermiiuition, but it cannot lie ii.sed directly 
to measure speed except at low bmulits. Speed 
IS ine.'isureil at the greater heights by the 
mstruments carried on the aeroplane, which 
aie referred to the speetl course for calibration. 

§ (5) Mkasurkmknt of Enoivk Revolu- 
tions. --The instruments requireil on the 
aeroplane for iierfornianco tests arc thus ; 

Air-speed indicator. 

Thermometer. 

Stop-watch. 

Aneroid. 

Engine revolution indicator. 

Of those it only n*main.s to discuss the engine 
revolution indicator. Formerly at Fam- 
borough the revolutions were obtained by 
means of a counter usexi in conjunction with 
a stop-watch. Revolution indicators are of 
three main typos, centrifugal, eleiftromagnetio, 
and cltiokwork. The latter is most reliable,* 
and is now' used for experimental purposes. 
This instrument embodii's a revolution counter 
and a clock which derives its motive power 
from the engine. It simply counts the re* 
volution.s over small intervals of time and 
indicates directly the revolutions per minute. 
If the revolutions change, the^inter moves in 
a series of jerks, but the time intervals are so* 
small that tKe actiqi^s a sufifleient approxima- 
tion t8 continuity. This fqrm of indicated is 
by its nature veijir reliable. 




§ (6) Thk Climb Metsr and thk 8tato* 
aooPE. — As an aid to the pilot, to enable him 
to fly ^he aeroplane at the 8{)eed giving the 
greatest rate of climb, an instrument called a 
climb meter has been sometimes used. This 
{Fig. 3) consists of a “thennos” vessel con- 
nected ^th the atmosphere through a small leak 
formed by a length of capillary tube. This 
vessel forms one limb of a liquid U-tubo mano- 
meter, the gthor limb consisting of a piece of 
magnifying thermometer tubing placed against 
a scale grad uatcKl in feet jier minute of climb. As 
the aeroplane climbs, the atmospheric pressure 
changes and air leaks rfrom the vessel, and the 
difference in pressure inside and outside the 
vessel Is a moa.su re of the rate at which the 
pressure is changing. I'his instrument can alsf» 
be used as an aid in maintaining level flight 
when obtaining the level flight speed, being 
more sensitive than the onlinary aneroid for 
this purpose. A form of the climb meter 
designwl only for maintaining level flight is 
known as the stato-scope. The “ bubble stato- 
scope ” {Fig. 3) consi.sts of a “ thermos " vessed 
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I flight indfbator. Tliese instruments are not in 
I genei%l found necessary. The rate of climb 
K vai-ies but little, with the indicated air sjwed 
ill the neigh Imurhood of the best climbing 
fi^ieed, and the pilot can guess the Ix'st spet'd 
with suflieieiit accuracy. • 

§ (7) ItKDiJtrrioN OF Performance to a 
Stano.vrd Basis for CoMrARi.soN. — The 
observations i iken at wgiilar fm^uent in- 
tervals on a i-outine iwrfornmnce test are ; 

A. Climb — 

(1) The aneroid height {i.fi. pressure). 

(2) The temperature. 

(3) The rate of rtivolution of the engine. 

(4) The time from start. 

(f)) 'I'he indicated air speed. 

B. Spee'l — * 

(1) The indicated air sjioed at various heights 

flying le\el. 

(2) The aneroid height. 

(.3) 'I’ho temperature. 

(4) Tln\>revoluiions of the engine 



FlO. S.—Climb Meter (left) ; Bubble Statoscope (right). 


connected to a small bulb, from which leads 
a small-bore tube coijtaining a drop of liquid, 
placed horizontally and curved slightly convex 
downwards, mo that the centre is the lowest 
^rt, and terminating in a bulb open to the 
atmosphere. In level flight the drop of liquid 
remains at a fixed point in the tube, but a 
alight climb or fall of the aeroplane causes the 
air in the “ thermos ” vessel to change its 
volume and moves the drop to right or left, 
and a larger change of height forces the drop 
into one of the llilbs and allows air to escape 
^r enter. The drop is thus in one of«the bulbs 
during climb, and can bo^tnmed to the tube 
by Causing the aeroplanes fall slightlf, and 
the instrument is then ready for use as a level 


Ami, ill achlition, the weight and other jiarti- 
ciilars of the nero])lane. 

In order t<> comjiare the f)erformandlj of 
dilTercnt acrojilancs under difl’ereni atmo- 
a|)heri< eomlitiouH, it ik necesKary to have some 
knowledge of the way in which the power of 
the engine \arie.s x^ith the atmoNphcric condi- 
tions. Ix't u.s ussnmo for the moment that 
the engine po\M?r is independent of atm*)sphprio 
temperature at a given ntmoHj)hrric density. 
It i.s thci^only necessary to compare results 
at a given clensity in order to cITect % mnr 
comparison. The results roi^ueisj on this basis 
e.xpress the performance of an aeroplane in the 
form of the sjieed of level flight and the rate 
of climb at various standard heights, and these 
figures give the speed and rate of climb at any 
height on any occasion on which the density 
is that of the standard height, although the 
observations from which these figures were 
deduceil may have lioen taken at a very 
different true height. 

§ (8) Tue VAKiATroN or I^ngine Power 
WITH Height. — Theoretical justification for 
the density law assumed above is to be found 
in the argument that the power devehiped by 
the engine, if the mixture is correctly adjusted, 
should depend upon the mass of the charge, 
and that this should lie projiortional to the 
density of the surrounding air. On account 
of the constant mechSnical h«8C8 the horse- 
power delivered to the airscrew will decrease 
more rapidly than as the first p<iwer of the 
density, but will still be a fiinction'^bf density 
only. On the other ^and, fh# charge is heated 
while being drawn injo tile cylinders, owing to 
the high temperature of the cyhnder walls, 
which depends Spon the explosion Temperature 
and the method of cooling, aild is therefore 
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not neo(‘fiwarily proportional to the alKiospheric 
temperature. There is a »naa« of cvflenee 
showing that the power (ievelo[>e<l !»y engines 
(Jo{»crjfJH ujjon the U-mperatuio as well as the 
density, in the dinjetion of U'lng a 
function*of pnHMure. ']'li<> law of variation 
may lx? exixx ted to dejaaid upon the design 
of the engine. 

It is ]M)asihl(! to investigate this variation 
by means of a very simple experiment. The 
torrpu' ri’ijuiTed to drive an airsi rew ([irojieller) 
at a given r.itc <tf advanec jier revolution is 
propoiiional to the product of the density ot 
the air and the stjuare of the revolutions jx-r 
unit time. 'I’lie airsiTew' can thus lie used as 
a dynamoiiu'tr r eonsiiminir powei of unUnoun 
amount hut known law of vuiiation I'lieei- 
tainty is only mtoMlueed by the possibility of 
the aiiserew «li, storting with vaiiation of 
fttmoHpluwie temjK'ialuri'. 'I’his appeals im- 
[irohahle, am] has h<-('n mvestigati'd in a le- 
frigerating chamher without oliseivuig any 
di.stortion. l*einian<*nl warping iM'twieri ex- 
periments can heohsi'rved hv eareful1ns{ieetioii 
on the ground Ixdw'een (lights d’ho evpeii- 
iiU'ntH must he earned out ov<‘r as large a 
lang^ of teintx-raturi' at ivieh piessiire as 
jioNsihlc, A more eert.nn. but less simple, 
nif'thod of o.\perimeiit is by the us<' of some 
form of torqiienieter. 

ff the law of variation established to b(‘ 
mor<^ elpsely a funetion of pn>ssure than of 
density, a ixunparison of jx'rfoinianee i>n a 
piVMHUi’i' basis should he made, as the erioi 
i||Uj)lvetl by redueing on the deil^ity basis 
Tieco riles im|>ortant for (he more extreme tern- 
IHirature v.iriatioqp w hi<’h occur in this i limate. 
It can bo shown that rediudion to a standaid 
atmos[)liei'e can be efTeeled if the i>owcr 
variation is any Known function of pressure 
aiul tern [)crat lire. On the pressure basis the 
standard laught is a [uessure, ami the per- 
formaneo ligures express in » fleet the rate of 
climb and indicated air sfXH'd at a given 
pressure, tlie latter giving the true air spml 
only in the standard .itmosplieie. Stiietly 
speaking, the rate of climb is that at a given 
indicatixl mr speed, but the variation m rate 
of climb for small changes in air speed is small. 
If the law of variation is any function <p of 
prt-asim' and temperature, the standard height 
ks a value of 0. 

§ (0) Up and Down OrniiKNTs. — The most 
serious cause of error ^ii the measurement of 
performance il the prosener of vertical cur- 
rent.s in the air. 1'liese may have a magnilmlo 
which is ^ly no moans small compared with 
the rate of olicnh^ of the aeroplane. If the 
climb path is plAtbv[I, itfs often, evident that 
the aeroplane has piissfd through an up or 
down ciirnrib Places, sfleh as the sen coast, 
where vertical cuiTents*of ctinvl^derable magni- 
tude are knoVn to ocei?r ^gularly should 


therefore be avoided, and the tests should 
1)6 roj)cate<l a numlx^r of times, and over 
different country so far as |M).ssiljle. 0 Three 
climbs are usually carritxl out on rotjtine 
jierfonnance tests, but for reseaich purixises 
a very large numlaT of ohstwvatioiis are made. 
These are found in jwactiee to be sgattere<l 
rather widely, and only by obtainuig a large 
numl>er of obst‘r vat ions can a mean curve bo 
drawn with rea.sonable certainty, although the 
uecuraey is not then of a very high order. 

If, however, it weie pos.sii)le to determine 
at any moment the melmation of the aerojilano 
to the (light path aiulwts inclination to the 
hmi/oii, the difference bclweeii thcfx' two 
angles would give the imliuation <»f the flight 
path to the liori/.on. Wluai an aeioplune is 
ilymg m a vertual (urrciit, the melmation of 
the aeroplane to its path and of the path to 
the hoii/on aie the H.ime us m still air, but 
the rate of clinih as mcasunxl by an aiuToid 
from the ground is griMtcr than the ial(‘ of 
<(mil) through (lie an by the velocity of the 
eiirient. 'I’he knowledge of the melmation of 
the path, however, coupled with a knowledge 
of speed along the path detm mines the iixiuinxl 
rail* of ehml) (hiough the air 'J Ins method of 
determining the r.ite of .iset'iil has not so far 
been Muecessfully a))|)lied, ou mglo thi' difficulty 
of deteimming the angle of meidenee of the 
wings to the thght path aiHing from the extiait 
to wlmh tlu‘ aeioplaiie disturbs the direction 
of rel.itive air flow in its neigliboiirluxxl. 

§(I0) Dktkkmiv V rioN oi- Lift \nd Drag. 

'I'lie lift anil drag of an aeioplarie at diffi'roiit 
aiighs of ineidenec of the wings mav be deter- 
mined by measnimg the rate of climb at vanous 
ail H|XH‘<ls. A large amount of work on these 
lines has been eaiiied out at the K.A.K. 
d’he methods outlined above are employed for 
measuiing .sjieed and nite of climb. The 
ineiih'nee is determined l)v the use of a 
longitudinal inclinometer on the aeroplane. 
This consists of a spirit level which caif l)c 
tilted by a niioroineter screw so that the bffbblo 
can he brought central, and does not re<juire 
any further discussion. The lift of the aero- 
plane is Wjual to tlu' eomponeiiX of the weight 
normal to the flight jiiith and very closely 
equal to the weight. The angle of incidence 
is obtained from the difference erf the inelino- 
meter readings and the angle of climb. The 
relation between lift, incidence, and speeil is 
thus determined. In order to determine the 
drag the thrust of the airscrew must l)c known, 
and for this purpose the airscrew was cali- 
brated on the “ Whirling Arm ” at the R.A.E. 
This whirling arm (Fiff. 4) is a cantilever struc- 
ture retating about one end%nd earrjnng the 
airscrew at the other end. The arm is supportetf 
on trucks running circular rail at one-third 
of ita length, and^eae carry electric mr^re 
w'hich a^ist t|ie^ airscrew in driving the 
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arm round. The airscrew is driven by an 1 observing that it <|rivi8 flie airscrew at the 
eltxjtrie motor rated at 120 h.p. The arm h same revolutions as uhcii it tirst came off tho 
150 ft. long and the aii-screw can be dn\en [ test ^Ijod, -nr ajH'cial “test -brake” aim’rrtws 
forwato at a 8}x>e<l of 80 m.p.h. at a rotationa^^ eaiibrate<I upon an electric motor of known 


Rjajtd not exceeding 1200 r.p.m. The thrust 
and tonjue are recor(lf‘<l eontinuously by 
h,\draulic dynamoinctera, and the aj)eed of 
rotatit^ of the arm and of the airacrtw are 
recorded (^Icctrually. The spccnl of rotation 
of the arm is assumed to moasuie the mean 
sptssl of advance of the awserew through 
the air over each ivvoliitiou of the arm. 
Very calm weather is required for i-eliahle 
results. 

In this way tho reHitiou Ixdwcen ♦he thrust 
of tho airscrew and the forwanl and rotational 


efficicney may lie used at any time to elieek 
Tho power. 'I'he thrust of the airsi’W'w is now 
determinefl from the engine cahlufftion and 
the airBcn-w efficiency curve obtaiin'd on the 
vidiiHmg arm. This method has been thought 
to have tho advantage that any distortioti of 
the .HI’S' i-ew will .affect its efficiency at a given 
rate of . dv.-.m-c [>cr revolution less than it will 
.itTeef tho relation betwei'U thrust, speed, and 
revolutions, ainl it was found that tJu' engines 
usiat inanitained a surjuising constancy of 
power. 



Fio t -Whirling Vrm at the Iloyiil Aircraft Kstahlislumuit 


aypeil has bcH'n obtained, if it be assumed that 
thig is the same when running on the aeroplane 
as on the whirling arm, and that tho airscrew' 
does not warp. The drag of the aeroplane 
is tho difference between the thrust and the 
roniponcnt of gravity along the flight path. 
If itMs desired to Compare this with tests in 
a wind tunnel of a model without an airscrew', 
allowance Rmst lie made for the effect of the 
slijistream of the airscrew upon the drag of 
those parts of the aeroplane over which it 
passes. I'his effect ha.s in practice f>ecii 
obtained by means of a suitable wind-tunnel 
experiment. 

An alternative method of obtaining drag 
involves also calibration of the engine upon 
a test bed. TTie engine is run on the bed on 
full throttle, and full thnittlc is u seif throughout 
tj^o exjieriments. The ^P#wer delivered by the 
engine can be tested before each flight by 


§ (II) Thk Thrust Mktkr. -It m evident 
that some form of thrust meter is n'quired to 
climniute the uneertaintieH of the im'tliods 
described alHiv'c. The instrument at jiresent 
in use at tho R.A.E. has been tested against 
tho whirling arm thrust meter Iieforc and after 
ten hours’ flying, with agreement in both cases, 
and gives results in good agreimicnt with 
other nicthiMls of deducing thrust. This thmst 
meter {Fig. 5) consists of two parts, A and B, 
fixed respectively to the engine shaft and to< 
the airscrew. B is fsge to sliijp over A running^ 
on two rings of balls whii'h form a front and a 
rear bearing. As B slides over A a helical 
spring lietween the front face of# B and the 
front end of A is compr^i||ied. The drive 
transmitted to th(*air8*rew' through a pair of 
ball-bearing rollera^carried on the endis of a 
pair of arms ,on A. ^ These rolltSrs bear upon 
plane face plajbos attached to^B. At the rear 
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of the airnorew a fltfhge is ^onned Mjion B, and 
a lover pivote<l on the engine crank ‘(iase cjuries 
at one end a small roller which lajara u{)orrthi8 
flange, l)eing held U() against it hy a spring. 
The thrust moves B forwanl emnpressing the 
spring, and the lover follows tliis motion. The 



displaeernent is transferred int'chanienllv to a 
pointer moving tiver a dial in the observer’s 
cockpit. The thrust meter is ealibrate<l in a 
straightfonvurd manner hv jmlhng on the 
airwrew with a spring balance. This instru- 
ment, sliding entirely upon ball-lioaringH, is 
very free from friction. The only trouble 
•anticipated w'os from wear of the hardened 
“•burfacos, flats appearing the rollers or balls, 
or pits in the pfano faces. This trouble has 
not, how'evor, occurred. 

§ (12) Lilly AND Drag by Glides.— F or de- 
fermining the lift am^drag of the aeroplane for 
the important purposa of Itbtainiiig a direct 
oomparison wdth wind-tumiel tests, the liest 
method is by •determining tlie ri^te of descent 
when gliding dojp with th^ engine shut off. 

/ 


I As the variation of the drag of the airscrew 
with revolutions is of important magnitude, 

is convenient to lock this so that it does 
|*not rotate. The airscrew can be stopj^ by 
I switching off the engine and flying at as Ibw 
I a speed as possible. It is then locked by 
advancing a suit-ible obstruction against which 
one of the blades rests throughout the axperi- 
riicnt. This can readily withdrawn after 
the glirle. The inclination of the path to the 
horizon is a direct measure of tlte ratio of 
drag to lift for the whole aeroplane, and can 
bo compared with measurements in a wind 
tunnel upon a model, which may be an accurate 
replica of the aeroplane Except that it is not 
practicable to represent the bracing wires upon 
the model. 

§(l.‘l) AiBdciiKW Research. — The whirling 
arm has been employed to a limited extent for 
testing airaerews, but mainly in eonnection 
with the experiments described above. Owing 
to the ra[)id inrreasc in horse - power and 
rotational speed of airscrews, this apparatus 
unbirtunaiely became obsolete for testing 
service hitcw's. If, however, the drag of an 
aeroplane is known and the engine (sahbrated 
on a test bod, this aeroplane can be employed 
for testing airscrews. Even if the drag is 
not known aiicuratcly, comparative results may 
j bo obtained on tins aeroplane foi a senes of 
airscrews. ’I’hc observations consist of engine 
revolutions and rate of cJimb at vaiious in- 
! dieated air speeds upon the lines already 
discussed. 

The poiformancc of the airsert'W' is dependent 
u[>on the <‘xtont to which the blades twist under 
load, and it is imjiortaut to lind the shape of 
blade wbicli twists least. Some information 
may be obtained from the analysis of the results 
of tests of an extensive series embodying 
different blatle sliapes. kSo many factors are, 
however, involved in airscrew design, that it 
IS desirable to develop some means of measur- 
ing twist directly in flight. It is proposed 
U.SO a camera rotating with airscrew tir phqjo- 
graph the image of the sun in a ]»ir of bright 
steel balls set on the surface of the blades ; 
but so far little progress has been made with 
this line of research. 

The measurement of fhe distributioii of 
pressure over the blades of an airscrew in 
flight constitutes an important branch of 
airscrew research ; but it has been thought 
more convenient to discuss this after the 
similar pioblera of determining the distribution 
of pressure over the wings of an aeroplane. 

§ (14) Determination ok Stalling Speed. 
— ^The methods of measuring the speeds which 
an aeroplane can attain in leve^ght, and the 
rate at which it can climb or must descend at 
any .«»peed of .flight at any height, have been 
describe^. It remain#ib discuss the determine 
tion of the lowest speed at which an aeroplane 
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can fly. As an aeroplane wing is set at an 
increasing angle to the direction of motion 
thro^h the air, the lift of the wing at a giveV 
sjT^ea of motion increases in a manner very 
closely linear until a certain angle is reached, 
when the lift passes more or less suddeidy 
through a maximum and begins to deereasi. 
This ^glo is known as “ the stalling angle," 
and an aeroplane flying at this incidence is 
said to be “ stalled." It is clear that when 
an aeroplane is flying at this angle, it is flying 
at the lowest possible speed c^f steady flight. 
The “stalling” .speed is of great imporUnce, 
as upon it depends, the speed at which tlu’i 
aeroplane must be landed. It is possible by 
reduction of wing area to increase the sjieed of 
an aeroplane, but the stalling speed is raised, 
and the difficulty of land- 
ing thereby increased. 

The lowest practicalile 
flying spet'd may easily 
bo observed, but may 
depend upon the .skill of 
the pilot, and may not 
bo the same as the stall- 
ing speed, as both longi- 
tudinal and latc'ral control 
become difficult in this 
region. The actual stall- 
ing 8[K;ed is of interest, 
as an improvement in the 
methods of control might 
enable this to bo reached. 

Although, however, a 
pilot cannot with cer- 
tainty fly his oeniplane 
steadily at the stallmg 
8{ioed, he can easily fly 
through this state with 
an accelerated motion. 

Apparatus could be devised which should record 
the motion in such a way that the air speed and 
the lift of the wings at each instant could l>e 
dsifluccd. The lift at a given angle of incidence 
is proportional to the wjuare of the indicated 
air speed, and the maximum value obtained 
during the motion for the ratio of the lift to 
the square of the speed corresponds to the 
stalling condition. |t is probably upon these 
lines that the accurate determination of 
stalling speq^ will l)e made. It may, however, 
be found that the aeroplane stalls at a different 
speed when the incidence is changing at all 
rapidly, thus enlarging the field of inquiry. 
The effect of rate of change of incidence may 
be investigated by the method under discussion, 
but a rigid determination of the stalling in- 
cidence and lift will only be obtained when the 
difficulties of c^fitrol at low speeds have been 
• overcome. « 

§ ( 15 ) The Determination of the Possible 
L^ds on the AERoidNE Struct »BB in 
JE^ioht. — The aeroplane designer requires to 


know w^iat loads *the vfvrious parts of the 
stnitture may lie callcil ujKin to withsUnd 
in flight. In steady flight, wings support 
the w’eight of the aeroplane, but during the 
driolent manceuvres occuning in aerial fighting, 
the wings may be called uptin to ^Fithstand 
at least three or four times this load. The 
maximum lift of the wings at any speed clearly 
jceurs when I’lC aerojilano is travelling at this 
sjiced with til wings meeting the air at the 





stalling angle of incidi'iice. It is easily shown 
that the aeroplane is then describing the path 
of the least poHsible radius of curvature, and 
that this curvature is independent of the speed. 
Suppose that the speed is twice the stalling 
sfieed, then the load on the wings is four times 
the weight of the aeroplane. In order to deter- 
mine experimentally the load which may occur 
dunng nmneeuvres, an accelerometer was de- 
signed at the R.A.K. by Professor F. A. Linde- 
mann. I’his instrument {Fig. 6) is described 
below. It is also necessary tor the designer to 
know how the load is distributed over the 
wings. Some years ago, M. Kiffel in his wind 
tunnel in Paris meaiffired the* distribution of 
pressure over a section of a model wing, and 
Wnd that the greater part of the lift is due to 
suction over the upper surface, arfd that the j 
load tends to be coq^:entrai5nil near the forward 
edge of tl7e wing.^ iflKiut the same time 
similar wind-tunneV experiments by Professor 
B. M. Jones at rtio Natisnal Physic^ Laboratory 
determined thetdistribution of ^ad completely 




Fig. 0. — The Air-Hpi'od T{(‘<'or<ling Accelerometer. Alr-snecd recording 
gauge (Icit); time lamp (lentrc), accelerometer (right). 
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over a model wing, and gil^wed the falling off 
of lift at the tip. PrcKsuro rneaHurements fvcr 
a wing were tirgt made in flight by Mr. (J. I. 
Taylor at Faniborough, and complete full-scale 
determination of the distribution of pressure^ 
over the ^^pper and lower planes of a biplane 
is now in progress. Measurements have also 
been made ovi'r a tail plane. 

§ (lb) Thk Ai'CKLKiioMKrKit. — The accelero- 
meter consi.sta essentially of a mass attached 
to the frame of tin* instnirnent by an elastic sup- 
()ort, ami so pro[H»rtntned that the fna* iKuiod 
is small compared with the ])ori<xl of any 
acceleration whn-h it is desirod to rmsi.suri*. 
In the U.A. K. aef-elerometor the imms ami 
the elastic .support are represented by a glas.s 
libri' bent in the form of a scmicirclo ami 
tixed to the frame of the instrument at the 
two cuds, thus forming a cantilever with its 
mass centre near tfn^ free end. Tin* instrument 
measures neeelerations norm.d to the plane 
of tin' Hi'micirclo. 'I'he frei' (‘inl is illuminated 
by a small electric lamp, and the image of this 
jiart of the fibre is jirojeeted on t*> ]ihoto- 
graphic (cinema) him, through a narrow slit 
close against tlie film and at right angles to 
its di^ction of motion and to the plane of the 
fihre. This cuts th<) line image of the fibre 
down to a point. An additional lamp is 
arranged to mark the him either at the will 
of the operator or at regular intervals of time. 
Tlio instrument is eaUbrateif by turning it on 
to its bi if'k, and HO olitainmg the inovenn'iit 
of the image eorresponiling to a K'versal of 
the aeeeh'iation <liio to gravity. A •omplete 
eahbration can he ('fleeted liy mounting the 
instillment on a rotating table, but the scale 
is elo.sely liiu'ar iflid the simph'r method is 
suflieient for most pnifKHi'.s. 

§ (17) Tick Aik-.mi'kki) IIkcdudino Acc’ei.kuo- 
MKTRU. — For many purjioses it is dcaiKsl to 
obtain a comph te simultaneous record of air 
sjwed and normal a(T('lcration, from which the 
curvature of tlie flight (lath can be deduced, 
uiul a combined instrument is now in eon.stant 
use at tlie It.A. K. {Fkj. (>). The air sjieed 
is obtained from the diflerenee of pressure 
iMAween the usual Pitot and static tulx's, 
which are connected to a dmpiuagm gauge 
embodied m the same ease as the accelero- 
meter. TJio motion of the diaphragm netuatos 
a lever wdiich carric.s a short straight glass 
fibre lietwcen the ])n>ngs of a forked end. 
The image of this fibre is projected in the 
same manner %vs in ftio aecelerometer on 
to the same film through the same slit. 
Actually two fibrt's are used in order to 
# widen the scale, and it is arranged that 
the seeond imagk •eomet^ on to the film at 
the bottom shortly before the other passes off 
at tlio top. ^ *• 

§ ( 18 ) Thk MEAstniKMeNT of^Pressitre Dis- 
TRinimoN. — TBo measurenll^n^of the pressure 


on the surface a bo<ly is effected by making 
small holes in the surface at the points at 
•jvhich the pressure is required, and connecting 
these holes by means of tulies passing inside 
the body to a suitable manometer, if is 
essential that these holes should be small, 
and that no obstniction should project round 
them outeide the surface of the bo^y, A 
sixteenth of an ineli i.s a satisfactory diameter 
for these holes for full-scale work. If the 
tubes are allowed to jirojcct even* to a very 
small exttmt through the surface, a local 
curvature of the flow is caused by the projec- 
tion, w'hich results in a Jower pressure being 
H'cordcd than the tnio one. On the otlior 
hand, a slight local concavity lias not been 
found to have so serious an effect. For the 
determination of the distribution of pressure 
all over the wing.s, copper tubes have been 
fitted running the length of the wing, with 
branches serving the holes on tlu^ S(;veral 
sections to be cxjilorcd. All the Iiolcs except 
those rcquiriai at any time are closed by 
inserting short pins with suitable sealing 
mateiial. 'J’he manometer usi'd contains a 
number of glass lubes which arc connected 
at their upjier ends to tlie tubes in the wing 
and at their lower ends to a tank containing 
alcohol, w'liich is arranged to stand at a 
convenient lu'ight in tlie tubes. Pliotogiaphic 
paper is placed m ('ontaet with the tubes, and 
a record is obtained by switching on an 
electric lami) which throws a .shadow of the 
momscuH on to the jiapor, the whole being 
contained in a liglit tight box, ^Jlu* jiajicr 

in tlie form of a loll, and c.an be wound on 
from a box on ont> side tt* a bo.x on tlie other 
side. In the more compact of the c.xisting 
designs the tubes are arranged in a semi- 
ciroli*, and in tins case the two extreme tubes 
and the central tube arc connected to the 
.static tube of the aen^plano and provide the 
datum piessuro. With this arrangement it 
is not necessary to maintain the ninnom^cr 
accurately vertical during use. Wliere^ all 
the tubes he in one plane (,nly two datum 
tubes aie leijuirod, but m this case the jdanc 
m which the tubes lie must be kept vertical. 
One of the other tubes is connected to the 
Pitot tube, and in this way the speed of the 
aeroplane is recorded simultaneoij^ly with the 
preasuro readings. 

Apart from the labour involved by the 
number of observations which have to be 
taken in this class of work, considerable time 
is absorbed bj^ the necessary frequent testing 
of the tulies for stoppage and air- tightness, 
and the preparation of the holes in use so as 
to got these accurately flush nith the surface ; 
so that the rate of progress with this kind of* 
measurement is slow. 

The*value of th^^esults extends consi(]^r- 
ably beyond the requiroratthte of the designer 
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for calculating the neceanarj' strengfh of the 
structure. They provide a very direct set of 
mejipuroinents for comparison with similar 
^ta obtained fn»m testa of models in a A.ind 
tunnel. The totiil foioe normal 



FlO. 7 — Semif iH'iiUr l’lio((iin.moinef<‘r. OpriK'd to 
show fubi etc , l)> irmovint; ^lllllm' pain I ri 
n'\(rHcil (liltin' rltrlit , ii.ipcr l)o\ on rit'lit-h.onl 
side rcmoNcd, 

of the Centro of ]ircssut'c can he vciy 
closely determined hy integiation. 1'his 
is, how('v<'r, not true of the foiei* acting 
along the chord of tlu' wing, as the piessiite 
measurements ha\(‘ determined only the 
forces acting normal to the suifaie, and an 
important jiart of the longitudinal foiee is 
due to tangential forces : at small anglo.s of 
incidence the unmeasured forces may <dn- 
•ibutn one-third of the total drag. It is also 
ti^! noted that lift and drag, that is, the forces 
normal to and along the flight path, can only 
be deduced if the angle of ineidenec of the 
wing td the path is determined hy some other 
method, as, for example, hy tlie measurement 
of rate of climb and speed coupled with read- 
ings of a» inclinometer as discussed above. 
The lift is verj' closely equal to the normal 
force, but the drag is composwl of the longi- 
tudinal force and an important component 
of the normal force. 

§ (19) Distribution of Pres-surf. over the 
Blades of an Airscrew. — The methods of 
the last paragraph are now htang extended to 
me-asurement^ver the blades of an airscrew, 
• an experiment of fundamental • importance 
from the point of vi^ of the aerodynamic 
Hieory of the airscrew. Steel tubes arc set 
in the wooden blades and covered over with 


veneerf and shoit bmiieh tubes tmss through 
the veneer to the sui-fiioe. The manometer 
is mountiHl on the aii'sci'cw, rotating uith it, 
and works on a rather ditTeixait prineijilo 
from that used for \n'ng ineaNiirements. The 
pressures are in this easc‘ very miJ^h greater, 
and the eomjirt'ssihility of air is use<I to 
nieasuit? them, iiie manometer tubes are 
th'.ip walled glass eainllani's closed at one 
end, ai'd eontainmg a bead of mercury whoso 
poMtioa ,s ie(‘oided jihotograjihieiilly as 
before. The jiosition of the Inad shows the 
evpansion of th<> closed Milume of air lietween 
the head and thi' sealed end, and measures 
the pressure at the hole on thi' Made when 
correetioii is apjilied for llie centrifugal head 
due to i-otatioii. 'Phe two [irineijial dinieulties 
encountered are, lirstly, the tendency of the 
bead to flatten out, diK' to tin* rotation, and 
80 f.iil to (ill f h(' bore of the tnhe, and s( condls’, , 
tliat. this necessitates a small hole m which 
the UKTeurv l>ead will not move freiiy. It 
li<is been found wifhm the limit of boro 
msessifited by the fir.st consideration that flic 
bead w ill movi* siiflieieMtly fri'cly if the tuh(> and 
b(>ad ar<‘ covered hy a him of liquid, and for 
this jniijioKo eresol has proved satisfaetoiy. 
'J'he record is taki'ii hy disehargo through a 
viK uuin tube wlueh piovides a uniform 
illiiinination along the eapillaru's, and the ^ 
paper is woiind^on hy means of a windmill 
(nought into action by an eleet4(miagnetie 
(Intdi under < ont ml of thi' exjiennieiitcr. 

(2(0 'Phi; Stabii.itv of tme Akhoi'Lank. 

I (i.) tJfffnhhniiNi A discussion of 

; stahilit\ must logically b(> preceded liy eon- 
I sidei.ition of the eondit^nis oi equililinum. 
i In till' east‘ of the aero|)latie, this involves 
I eijuation of forces along and moinentH about 
j some three co-ordinate aves. The aerojilune 
I IS, liowev'u, apiiroxiinately symmctncal about 
' the vertical plane ((intaiiimg the flight path 
; III Ktraight, sti'udy flight AKyminetry is 
! eauftCil (ly the airscrew, i’ho airscrew torque 
I must he lialanced either Ijy a jiermanent 
I a.symmetric rigging of the wings or hy a 
, small di.sjilucemeiit of the ailerons the 
; control surfaces cmjiloyed for lateral balance. 

In aildition the flow in the slip.stream is of a 
s|nrai nature, and if the fin and rudder — the 
I vertical tail surfaces employed for stabilising 
, and controlling the direction of flight — are not 
I symmeirii’ally placoil in the slipstream, 

I turning moment ig^ jirodueed hy the slip- 
[ stream. In some aeroplane^ this calls for a 
i heavy force on the rudder in order to maintain 
a straight course. An aeroplane fittiwl with a 
; pair of engines, one on either side of th3> 
j centre, is ^symm«itric^ wj^en flying with one 
engine wholly or ijiartially out of use. Wo 
^ may, however, fof general discussion treat the 
I aeroplane as'syram^rieal about this vertical 
plane. J * * 
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The equation of forces consists, therefore, 
of equating the lift of the aeroplane to roe 
com[M)rient of the weight normal U> the flight 
path, and the thrust of the aiiucrew to the 
drag of the aeroplane, and the component 
of the wei^t along the path. There are no 
lateral forces. The moment abfjut the hon- 
zontttl axis jK?rpendicul»ir to the path must 
l>e zero. This is known as the pitching 
moment, and the required condition is 
ohtained hy setting the tail planes at siiituhlc 
angles. These consist in most aeroplanes of a 
fixed part (the tail jilano), and a movable part 
(the elevators) controlled hy the pilot. The 
setting of the fixed part determines the angle 
of ineideneo of the wings at which the aero- 
plane “ trims ” with the elevators free, and 
thus determines the trimming speed “ hands 
off.” The tail plane is often arranged to be 
adjustiible by the [lilot in flight, and thus 
relieve the load on fhe elevators and i!onse- 
quontly on the pilot’s hand, f<»r any de.sired 
condition of flight. The remaining moments, 
known as yawing and rolling, are zero* on the 
assumption of symmetry without any ailjiist- 
ineiit 0 ^ the eontrols. 

rho equilibrium conditions will Ix' discu.ssed 
in more detail later, under the heading of 
” Control.” ’Phis order is followed heeau.se 
^ the control is so largely (hqu'iident upon the 
degree of iidierent stability instability of 
the amoj^l^tic. An aeroplane possessing a 
strong will of its own oliviously calls for 
greater inertion on the part of the nilot to 
control it. • 

The aeroplane is stable if, from any small 
dis])lacenient, it ton Js to return to the original 
state of steady motion. The mathematical 
theory »»f stability ^ has been developed by 
Profossoi-s (I. H. Ikyan and L. Baii-stow. 
It has been shown that motion in the vertical 
plane of symmetry can he treated separately 
from other motions, but that the lateral, 
yawing and rolling motions, cannot bo 
separated. These two stabilities are known 
08 ” Lingitudinal ” and “J^rfiterar' stability, 
and will be di8cus.setl separately. When an 
aeroplane is pitched, yawed, or ndlod from the 
equilibrium state, it is a necessary condition 
of stability that there sliould be a restoring 
pitching, yawing, or rolling moment; but 
au aeroplane having a restoring yawing or 
iroUing moment cannot be said to bo ‘‘ direc- 
“tioually ” or “ laterally jtable ” as the two 
motions are intefconnected ; also a restoring 
pitching moment does not completely deter- 
mine longitudinal stability. 

• The theoretical wofk of Bryan and Bairstow 
was applied practioallj^ hy€he lat% Mr. R. T. 
Busk, who made tho •B.E.20. aeroplane 
longitudinally^ stable and Monionstrated its 
stability in 1914 by flyirfj? from Farnborough 
* See Aert^ilanc, Statlli(|' of.** 


to Salisbury Plain with the longitudinal 
^ntrol abandoned. 

•(ii.) Ixyngitudinal Stability. — Suppose |hat 
the pilot of an aeroplane in .steady flight vari^ 
his speed hy a movement of the elevator 
and quickly returns the elevator to the initial 
position. Longitudinal stability will be shown 
by the aarophine executing a convergent 
oscillation, reluming finally to the initial 
aptwl. During this motion the air sliced and 
tlie incidence oscillate about the initial values. 
The simplest method of experiment requires 
no special in.^tniments. The pilot, or an 
obherver on the aeroplane,«notcs the air speed 
at regular small intervals of time (say every 
five secoiidb). From these readings the 
perhid of the oscillation and a measure of the 
damping can bo obtained, '^Fhis method is 
employed at the R.A.E., but the air speed 
recording instrument descrilK'd above is now 
I used. The Royal Air Force Testing Squarlron 
at Martlesham Heath enqiloy a rather diffeient 
method, ob.st‘rving the incidence instead of 
the speed. For this purpose a special form 
of camera is fixed to the acroi»lane, which 
is fh)wn towards the sun, whicli must be fairly 
low. A cylindrical lens produces a line image 
from the sun, and this is projcctc<l through a 
transverse slit on to moving photographio 
^ paper, and the path of the jiomt image so 
produc(‘d trives a record of the varying in- 
clination of the aeroplane to the horizontal. 

The presence or absence of a restoring 
moment and the magnitude may be deduced 
from observations of the change m the force 
which the pilot must exert, and of the move- 
ments of the elevators nspiired to alU'r the 
speed of the aerofilane by some small amount, 
as a knowleilge of the direction and magnitude 
of the force wliioh the elevators must cxeit 
to change tlie s]>eed shows the inherent 
tendency of the aeroplane in this n'speet. 

(iii.) Lntcral SkibilUy . — 1 .ongitudinal stability 
is of greater practical importance than lateral, 
in part because a longitudinally stable a(^o- 
]»lano may bo flown with the pilot’s hands 
off the hmgitndinal control, whereas lateral 
stability does not jiermit abandonment of 
the rudder for long, as tjie inevitable small 
asymmetry of the aeroplane requirc's continual 
operation of the rudder in order«to steer a 
straight course. It is of course desirable that 
the aeroplane should not bo violently unstable ; 
but many types of aeroplane are unstable in 
every way, and small instability is even thought 
desirable hy many pilots. The investigation 
of lateral stability also presents greater 
difficulties, and for these reasons less has been 
done on this branch of the sfPbject. An in- 
strument dtie, in its simplest form, to the late • 
Dr. Keith Lucas, ha^^^n used for recording 
the motion of an aeroplane ,,with the controift 
locked or abandoned. Inis is essentially 
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a pin-hole camera producing an imago of ihe ae^plane turns about the normal axis, 
the sun, and very similar to the camera usck^ th^ gyroscope moves rigidly ^vith it, and 
sub^quently at Martleshara Heath and di?- «leflect« the spring by a small amount sufli- 
stfibed in the last paragraph. In the form ciont for this to provide the couple r(Mpiin*d 
used at the present date at the R.A.E. the “for the rate of turning. The deflection of 
“ Photo-kymograph ” is mounted for use the spring is indicatcvl on a dialT and is a 
with Jthe sun on the side of the aerojilano measure of the rate at which the acrciplane 
and records angular movements about the is turning. 

longitudinal and the vertical axes — respect- S (21) Tiik Control of the Akrotlane. — 

ivoly roll and yaw. One of these two dis- 'I’he control ol an aeroplane can be effected by 
placements must take place in the direction of means of horizontal and vertical directing 
motion of the jihotographic pajier, and it is sui-faces known as the elevabjr and the 
thenfforo necc^ssary to mark time intervals rudder. These are generally placed behind 
along the trace. ^Thia is effcctetl in the the wings, but this is not essential, and in 
folk»wing manner. During the greater part some of tlie early aeroplanes the elevator 
of the time an orange glass is inkupoaiHl was ])laccd in front. Several of the earlier 
Mhich allows only sufficient liglit to jiaas to aeroplanes depended on these controls alone, 
mark the paper faintly. At small intervals In tuniing, use of the rudder caused the 
of time this is withdrawn by a clock for a ! aerojilanc sidi'slip and the aerofilane thou 
fraction of a secoiul, and a dark point is “ banked ” it.self, owing cither to the provision 
produee<l on the trace. Siimiltancously a of a fin surface above the centre of gravity, 
jiair of datum lines at right angles arc muiktHl or to the wungs licing inclined at a dihedral 
on the paper. Tins is effected by light angle, inclined ujiw^ards from root to liji. 
jiassing through a cruciform slit placed close The Wrights ol)taine<l better control on their 
against the paper. aeioplaiic hy providing a means of lateral 

An alternative method of recording the balance by warping the wings. The “ni||jronH” 
angular motions of an aeroplane is by means uswl now arc a mechanical improvement, but 
of the gyroscope. A gyroso()i>e m()unt<“d m similar in principle. These consist of a 
gimbals St) as to be ))crfeetly free maintains portion of the wings at the roar near the wing 
the direction of its plane of rotation fi.xtd in tip, which arc hinged to the main part of the 
8}»aec, and can therefore be used to record wing ami can lx* d^Hected together in opposite 
angular motions of an Hero[)lane about two directions on the two sides. This«i<ldiiional 
axes. This method is at prcH<*nt being control is essential for rapid maniruvring. 
developed. It is proposed to u.s<* two gyro- During^ rapid turn the aeroplane is banked 
scopes, clectncally dnven, with their axes until the span of the wings becomes almost 
of rotation at right angles, recording optically vertical and the lift of the wings is mainly 
ujKin jihotograpliic film. I’he range of useful- counterneting “ centnfugj^l force.” Under 
ness of ilic gyroseo])e is limited in this way : these conditions tlie functions of the control 
when the aeroplane has movcxl so that the surfaces arc more or less reversed. It is the 
axis about which the gyro8CO])c is to reccird elevator which determines the radius of turn 
the motion coincides with the axis of rotation and the rudder which controls the air sjieed. 
of the gyroscope, the gyros^jope is no longer It is easily shown that an aerojilanc has a least 
capable of recording the motion. 'I’he instni- possibloradiusof turn equal to where V, is 
ix^t, as proposed, will be capable of recording tin stalling si)eod, and that this is independent 
a fibmplcte turn about the vertical axes so of the sjxxxl at which the turn is mode. 


long as the aeroplane is not inelmed longi- I’he question of controllability involves 
tudinall}^ or laterally to tlie vertical at an two distinct ideas. In the first place, the 
angle excec<ling 46°. This is, however, effectiveness of the control surface, when 
sufficient to meet th« requirements for stability moved to the most effective jxisition possible, 
measurements. must bo considered. The limitation of effective- 

A gyrossope instrument is, however, in ness may be aerodynamic — the surface may 
use for lateral stability experiments as an “ stall ” — or it may be mechanical, depending 
aid to the pilot when it is desired to fly upon the design of the aeroplane. In the .i 
straight, or at a given steady rate of turn, second place, we lyfe concerned with the 
This is the R.A.E. Gyro Turn Indicator, and effort required of the pilot. This depends 
has been develojied as a standard instrument upon the aerodynamic properties of the 
for u.9e in flying through clouds. The gyro- control surfaces and the size of the aeroplane, 
scope is placed outside the aeroplane in the and upon the gearing emph^ed between these ® 
air stream, and^s so shaped that it is directly and the piWt. Wi' ar^, concerned both with 
• wind driven. It revolves aboifb an axis the force the pilot Miiist exert and with the 
parallel to the dircctioi^qf motion an<J. is free movement he^ must make. If the force is 
rotate about the horizontal transverse large and the mqvement sm^, an improve- 
axis under the control of a spring. Wh^ ment may be c^P^eeted by altering the gearing. 
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§ (22) LoNfJiTirniNAii Control. — FoIlo\dng 
tho procmluro adopk'tl in diHctissing atabilrty, 
longitudinal control may be conhi<lcrcd lu re 
separately in tho first place. Tho three 
j)nm;ipal factors ic(punng juvestigation for 
both lonjfitudinal Hlahihly ami longitmlinal 
control arcs the relative position of the centre 
of prcHHure on tho win^s and <»f the centre of 
gravity of the aeroplane, tho angle through 
which the air flow at the t<id ha.s been delleeted 
by the wings, and the aerodynamic propertli'S 
of tho tail. 'I'ho first gives approxiinati'ly 
the force which the tail must exert, d'ho 
centre of jiressure may be determined by the 
jiressuro distribution ex[)eriinent di'.seribisl 
above, but this i.s an extremely laboiiou.s 
methfjd. 

(i.) Centre of {‘rensure on ir/ays - 'I’he 
jiowition of file e< ntie of piessnie upon a 
number of .sets of wings has been mvestigat<-d 



l''ia. 8.— At‘io|il.iiU' u il li .loiiiff'd lUnh , lim'd lot 
nitasming I tie Keai ti.ai on tia 'tail. 


at the It \,l']. upon an aeri»pl.ine (/' ig^S) which 
bad its body btolvcn belumi fhe two eoekiats 
ami binged by a pair of ball-braiings, stops 
being provided <o Uinit flie po.ssible m(»\('ment. 
Suitable bi.uiiig enabled the moment of the 
forces acting upon (hi' paifs of the aeroplane 
behind this binge to be tian.sfci red to a spinig 
balance m tlii' oinservm 's coeKpit. The 
observer is able to flo.it the ren pait «>f the 
aeroplane by adjusting a turnbuelvie below 
the balance until ncithci of a pair of elect in- 
lam[»a is alight, these lamps being opeiatcd 
by a pair of electric contacts which are made 
as the ixiar jtart approaches tin' .stops which 
limit its movemiMit. Allowing for the weight 
of tliG pai ts, this experinienf gives a,lmo.st 
directly the .air force acting upon the tail. 
To deduce the position of the centre of jiressure 
on fhe wings, an estimate must Ik? made of 
► the forces oii the airscix'w, front part of the 
body, and the l^nding-gfjir. For this purpose 
winil-tunncl tests have In'cn employed. 

(ii.) Tail Plane C/mrncftTM/iV.s'. The angle 
^ of downwash at the tail cannot lx? measured 
directly, as the at the tail is di-sturlied by 
tho presence of thet tail® plane.* It enn be 
deduced if tho tail force ^d the aerodynamic 
oharacteristies of the ^il plo^e are knowni. 
Although the #nglo at w^lyoh^tho tail plane 
meets the air is unknown, th^ tail character- 


istics can bo determined by a series of 
^‘Xfxjrimcnts in flight involving very simple 
it[»paratus. Tho aeroplane is flown at V£#iou8 
speeds, with the fixed tail plane set at difFcrspt 
angles and tho position of the elevators is 
observed. For this purpose the movement 
of the elevators is transferred by a lighj^ cable 
to a pointer moving over a scale in a con- 
venient position in the cockpit. These 
measurements deteimine directly tho elevator 
movements which give the same change in 
tail force as given altiwations in the setting 
of tho tall plane. The aeroplane is then 
flown with a weight attached at tho tail, 
and the posit inn of the elevators noted at 
different sjieeds, thus n-Iieving tho tail plane 
of a known amount of load. In this way the 
rate of ebange of tail force with tail plane 
I ami elevator angles is determined, and if 
j this unit Ls of symmi'trieal section (us is 
commonly the ca.si') the tail cluiraetcn.stjcs 
I are eompletely delermined. If the foieo 
which the tail must exert has been delermim'd 
by the experiment described in the last 
paiMgrapb, the lemainmg unknown ((uantity, 
the angle through which the flow^ has been 
downwashed by Iho wings can be directly 
I obtaiiu'd. 'I’lie actual flow at the tail i.s 
complicated, m particular by tho action of 
the airsciew, ami flic downwash determined is 
an “effective downwa.sh “ and may vary to 
some extent with the form of the tail plane. 

The r(‘mainmg (luantity of impoitaneo in 
longitmlnial control is the moment of the air 
force upon the eli'vatois about their lunges, 
upon wliicb de|)emls the foiee which the julot 
must e.xeit to bold the aeioplane at various 
speoils 'Plus IS obtained by means of a 
s|)e<'ul form of spimg bakinco. A flat canti- 
lever spring is elipjasl to the top of the control 
column and the elev.itors are ojieratcd tlirough 
this spimg. The di'fleetion of the sfiring is 
measured hy means of an “ Ames Dial,” an 
instrument m use in engincenng w'orksli^is 
for making tine measurements. Thi^ is 
graduated to ixxul directly the pull or push 
exerted by the pilot’s haml. 

(iii.) EJJerlH of the Airncnw Slipstream . — 
The slipstream, or current of air projected 
roarwaixls by the airscrew, has important 
ctfeets upon stability and contrM. The tail 
surfaces are commonly so placed that this 
stieam flows over them. Tho effectiveness 
I of the vail unit as stabiliser and for control 
I is thus increased when the airscrew is in 
action. Tho forces on the tail are increased 
and tho trimming speed is consequently 
changed when tho engine is opened out. 
Lingitudinal stability is obtamed principally 
by placing the centre of gravity well forward, * 
I and tills gcncrall^iS^nvolves a considerable 
dow n load on the tail. In ^ very stable hijh- 
powered Oiproplane the change of trim from 
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engine on to engine off may thereforo bo [ tub^ These instnimenta require individual 
large. It is also desirable that the fin and^ calibration in a wind tunnei. Three arc being 
ruddtr should be symmetrically jilaceil in* I used together, me 


symmetrically jilaceil 
th# slipstream in onler to avoid the turning 
tendency produced by the heli<*al natuie of 
the H«)W upon surfaoe.s placwl unsymmetrieally 
It folhjjtvs that a knowledge of the naturo and 
[Mtaition of the slipstream at the tail is a 
matter of considerable im|>ortance. 

(iv.) ‘Slipstream Exploration . — The ‘ijXKKl of 
the air-llow over a plane m front of the tail 
plane, including the slipstream, has been 
explored by fixing a number of Pitot and static 
tubes on a light outrigger and coniiectmg these 


together, mounted upon on arm along 
which they can be moved when the aeroplane* 
IS on the ground {Fvj. 9). This arm can l>e 
rotated ruind the body of the aerojilani' in 
flight. The tubes are connected to the photo- 
muiiomeU'r. M is thus possible to obtain in one 
fiight the velixity and dirccti«m at a numlier 
of points ui>ou three circles, and in a number 
of flights to cover the whole region to be 
explored. 

§ (23) Lateral Control. - The rate at w Inch 
an aeroplane can be tamed dejicnds upon the 



Pig. n. — AppamtiLs for mcasurlna the Spccil and ] fired ion of Flow m the Slipstreams of tin* .^rserews, 
fitted to a largo Twin-engine Aeroplane; Hhowiji'4 the rotatable anus carrying the five tube 
• iitetriiments. 


tf) the jihotomanometer used for the pressure 
di.stnbution expoiimonts. This outrigger was 
honzontal and was moved vertically between 
each flight. A mote complete experiment 
now in progress aims at determining simul- 
taneously tlifc velocity and direction of flow. 
The determination of direction is baaed uj>on 
the fact that the pressure in an open-ended 
tube when inclin^ at about GO® to the 
direction of flow' is very sensitive to small 
changes of direction. The instrument used 
consists of five open-ended tubes, four of 
which are equfdly spaced round a cone of 
semi- vertical anjpe about 00®, and the remaining 
tube lies along the axis of the con8 and acts 
more or less as a Pito^ube. The qjclined 
tulRes in pairs constitute yaw and pitch 
meters, and together replace the usual static 


railius of the least turning circle discussed 
above, and the sjieed of the acrojilane, and 
in this reH|H*ct the more lightly loaded aero- 
plane is the more manoeuvrable. It de- 
{lends also very largely upon the rate at 
which the aeroplane can be banked for the 
turn. The camera obscura has lieen used 
for plotting the horizontal projection of the 
path during turning, ind the lur-Bfieed n'cord- 
ing accelerometer may bo used for measuring 
the curvature of the path in any plane, and 
therefore for investigating turns, loops, or 
any other manoeuvre. It^is also possible 
to observe fsom thf^oerj^lano the time taken 
to turn through ^•given angle gauged by 
some objects on the ground. The comparative 
merits of several aqi’oplanos in ii^speot of lateral 
control has be*n investigated % the rather 
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crude method of measuring with a 8top-w|.toh 
the time taken to bank 45°, gauged by eye 
against the horizon, starting the watch when 
the control column was pushed over. Read- 
ings were found to vary as much as I sec* 
in 3 see. under apparently identical conditions 
with the same aeroplane and pihit, but by 
rcfieatcMl (jbservations the acrrjplanes were 
probably placi^l in the c<nTect order of merit. 
These exjieriinents included mcasurementd of 
the mean force exerted by the pilot read by 
the pilot by means of the inslrumcnt described 
under “ Longitudinal Contiol.” Such crude 
methods are cleat ly inadeipiate. Tor a satis- 
factory investigation of manoDuvri'H and control, 
ap|)arutus is retjuirod to recrird against time 
the thrcH) angular movements of tin* aeroplane, 
the movements of all the control surfaces, 
and the forces afiplied by the pilot to each 
control. DifTerent pilots handle aeropluiu's 
in different ways, atul the same pilot uill 
iiandle tliffcrent aeroplanes di (Terentiy, and 
cannot bo relied upon always ty repeat 
maiKBUvres oven on tho s.'imc jicroplane in 
exactly the same manner. It therefore 
boooil|cs d('sirable to obsiu’vo the hehavnuir 
of tho ttcroplano under tho actum of known 
constant forces apfilital by sfieehd mechanism 
to tho liontrols, ami at the same time to 
invoatigate tho metluxlH employi'd hy as largo 
a number of pilots as poasilie hy means of tlie 
fooordinj^ apparatus outlined above. At the 
same time tlie air siM'od anti the angle of sule- 
slip of the aeroplane should ht' I'ecoixled. 
Tho fiilot may be instructed to turn without 
sideslipping, hut even if he tamld do so with 
eertainty, this tlo#s not necessarily represent 
his usual method, or tlio best method of 
turning. 

§ (24) UhK or TlfK (^rNlCMATOOIlAl’ll Ta.mkha. 
— At the H.A. F- a einema camera {Fig. 10) has 
iHHjn ust'd to photogra[»h the tnannmvmstd an 
aeroplane from another aeroplane. Tho aero- 
plane carrying tht' camera is Mown in a straight 
level jiath, and tho aeroplane under ohserva- 
titm executes the rtxjuirrHl mameuvres iH'hmd 
this. 1'he camera is suitahly mounted (m 
tho aeniplane so that it can Ix' trained in any 
rtHpiinxl direction over a coii.siderahle range. 
Sighting gear is fittixl which enable.^ the 
observer to move the camera so as to keep the 
ocropiaue in its (leld. Tho movements of tho 
oamora about tho vertical and horizontal 
axes are reco^jlini on ^^he lilm by suitable 
photographic means. About twenty pictures 
a second arc taken, but only a fraction of this 
number is actually required. Angles are meas- 
ured from the y^cture as required, and tho 
attitude of the acropli^o is^alculakxl from these 
by the use of a graduated sphere {Fig, 11), 
which reduces tho lalxnir of ^transformation 
to the requir^ axes w small fraction of 
what would be required by dia^t calculation. 


S (25) Use of Gyroscopic Mbthods.— T ho 
I problem of recording the movements of an 
‘aeroplane during rapid manoeuvres is al»#t>eing 



KlU. lU. — (’luciautourapli CaiiK ra mounted on 
an A»’ro|iianc. 


attacked upon <iifTercuf lines with tlie intention 
t)f replacing the eineniatooniph in time hy a 
gyroscopic instiument. 'J'his will < liminate 
the need of a so«ond aeroplane with the 
camera, ami give more directly, ami more 



FiU. 11. — Sphere usp<l for Calculationa. 

accurately, the reacling.s required. The 
preposed gyro instrument operates on a 
different principle from th^t proposed for 
stability Vork, as the displacements are in* 
this qpse lai^e awL the movements rapid. 
The rates of change angles arc, the quantMes 
really required, and the gyro instrument will 
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read these directly. It will conaist, in fact, I driven by V Bmali windmill through an electro- 
of three recording instruments, similar in | ^magnetic clutch. This clutch can be operated 
principid to the gyro turn indicator described * by the ex{)erimcnter, and is also controlled by 
und^f “ Lateral Stability ” above. Three I a small eentrifugiil governor so that the film 
gyros revolving about perpendicular axes sRall am at constant s|>ee<l. In an alternative 
are to be m4»unted so that they precess with design metallic pajK^r is used and is driven 

the aoroplane. Each gyro will obtain the by a jiair of pawls and a ratchet operated 

couple retjuireti for the precession by deflecting aitcTiatcly at h df -second intervals by an 
a small amount under the control of a spring clcctiomagnet which is energised whenever 

about the axis perjwndicular to its ax’s of umtaet is nado in the eleetno circuit by a 

revolution and the axis about which it master clock. 

measures the angular velocity of the aero- The ailerons and elevators of the smaller 
plane. The deflwtions of the three g3'ros a4'roplanes are oj)cnited by the sideways and 
will l)e recorded optic- • 
ally upon the same 
photographic film. 


The gyros will form 
the rotor of small 
induction motors, m 
that no bnish gear will 
lie present to introduce 
friction. They will 
take current from an 
alternator driven by 
a windmill, and some 
means must l)o pro- 
vided for maintaining 
the s|X‘ed of tins 
generator constant, 
however the spccil 
of the aeroplane maj' 
vary. This may bo 
achieved by a eoin- 
binatiou of a centri- 
ftigally operated 
variable • pitch wind- 
mill, coupled wdth a 
contrifiigally con- 
trolled slipping 
clutch, or by moans 
of a direct current 



generator and motor 

with a buffer bat- ’ ’ 

tervf This remains a Kio. 12. — Instrument for rwonllng Movrniont of Tontrol Hurfaccs. 


matt^ for experiment. 

§(26) Control Recordino In.struments. — 
A compact and thoroughly reliable insthiment 
is i-equired to take a 8imultane«iu8 record of 
any displacement and, of intervals of time, 
with some means of synchronising with other 
instniuients a%d capable of operating in any 
position on an aeroplane. Work has been 
proceeding on this for some time, but a 
satisfactory instrument has not yet been 
obtained. This instrument would be used 
to record the movements of control surfaces, 
and for this purpose would be fixed to the 
aeroplane close to the surfaces and operated 
directly by thelK, eliminating slack and 
stretch in the control cables, etc. In the most 
promising design in hand(F^. 12) the rlisplace- 
-ment and the time intervals are recolded 
optically upon photographic film which is 


[fore-and-aft movement of a universally 
pivoted lever known as the “ Control Odumn.” 
A special control column {Fig. 13) has been 
designed which can be fitted in place of the 
ordinary lover on any aeroplane, or attached to 
it. This records the force eiertefl by the pilot's 
liand in both directions. The force is applied 
by the pilot’s hand to a knob universally 
pivoted hy gimbals at the b*p of the Column. 
The column is univers^ly jointM by gimbals 
lower down, and a steel cantilever projects 
from the lower part to which it is rigidly 
attached, coming into contact with the upper 
part through ^ spheripal kno\? at its end, A 
(Kintinuation of tho^ u^)er part projects 
dowm wards inside the lower part, carrying 
an electric lamp*and pinhole at its end close 
above photogra|hjo* film run ^through the 
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lower piirt by of a limall electric motor. 

Ah ill ibt! photo ' kymograph, whoro twr^ 
jiorpftmJii'ular tliHpl.uMMnentrf arc reconled* 
tliri'ctly on Iho Hamo film, tfio reconi in not 
oontmijouH. At nliort lutervalH of time ‘a 
clock IH arraui'crl to Mwitch olf the itjconlinf^ 


in applied to one of the controk The 
apiiaratUH designed for this purpose containa 
a numkr of springs of varying Arength 
with HiiitabJe selixting gear and mea»s of 
straining them to a definite extent. The 
load is applied through a cam so shaix'd that 


lamp monientanly and actu.Ue hirniiUaneously l the force remain.s cim.-^tant as the contiol 


ufid lam|» w’hidi ilhiminatcs the width 
of the Him through a transversal slit. We 
thus oht.iin readings of the two font's at every 
instaiit at which the r« cording lamp is switchiyl 
off, hy measuring the e<i ordinates of the 
beginning of the hr<*ak in the trace with 



ndertnice to the iH'giiiiiiivg of the dark liaiwi 
on the film poxliioefl hy the stH'oml lamp 
Uu-ough the slit. For some piir|>ost'M it will 
lie more eoiiveiiient to cm[)lov a '♦impler form 
of this instnimeiit whieh rei-onls only the 
force in one direetion, ainl can ret'oril this 
oontiniiously. For ex^unplo. t^i determine 
the relative merits of dilTei'enl tyjs’s of aileron 
fittni to the ttime aenViilane, it is suthcient to 


moves over ami the tension in the spring 
is eastsl. Jn use the observer 8ele< ts and 
strains the sfirings, and the pilot takes 
I the strain holding the ctmtrol central. The 
j pilot reads the force «>n Ins liarid by 
imuins of the force - measuring instrument 
de-u rdasl iimlcr “ 'I’aiWlane t 'liaractensties,” 
•Hid then alwHidons the control b) the strained 
springs. 

Ji (2H) OUSF.KVATION OK SlOESLII* AND 
l.vTKKAi. Aocklkh.vtion.- -F very liritish aero- 
plane IS fittcil with an inscnsilivf* form of spirit 
K'vcl set acfo.ss (he ncroplam', wlinh si ivfs to 
some extent as a sideslij) indicator. 'J'his 
actually measuies the latio of the lateral to 
the normal aoi’clcialion. or the appariuit 
ilinstion of gravity. Whi'ii the niddci is 
iiwsi to produce a tiiniing inoiin’iit, the 
HCiojil.iiu' must sideslip to the extent necessary 
to produi’c nil <'i|ual and opjMJSiti' force to 
that on the rudder. This does not alfcet the 
“ hiihhle." .’XiMirt fioin tins .iny sidi'slip 
inov(*.s the hiihhle, as it [trodiit’ctt a side fiuce 
on the .leroplane, and (he laifd)le is thi‘refor,> 
an jiKlicatoi, although not a imsisnie of 
ahriormal snh'shp. So long as the bubble 
IS eential on a tiiin, the acioplum* is <•olnmo^dy 
.said to Ix' “ corrt'ctly bankisb ’ When living 
straight with sido.s|ip tin* aeroplane must he 
“one wiiig down," and the bubble read.s the 
extent to whi<h the wing is down, Init its 
residing i.s ineoii-Htly, tlioiigh freipiently, 
siMikeii id iiH the angle of sideslip. 

A yaw meter is m iisi* at the It .\.K., wliieh 
eonsists id a iwiir of o|M'n end«si (uIh's inchnisi 
one «)ii either side at an angle of about t>0'^ 
to the dneetion (d imttion. Thi‘ dilTefrnoo 
U'twmi the prt\ssun’'s in thes»> two tul)^ is a 
ine-isuD'' of the angle of yaw or sidcsli[), 
although it also deiHwls u|s)n the air den.Hity 
and the s|xxxl of thght, ami must tlicrefore 
*H' usiHl in eiinjiinetiwn with the air-speed 
indientor. This instrument rcspiires imhi idual 
ealihratioii in a wind tunnel. • 

The aecurate investigation of manoeuvr- 
ability and eontrol is a matter of great c«>m- 
plexity, and one which is .still in the state 
of development of the upjMiratus required 


olwervo the forei’ applitnl to the ailerons only j for recording the many quantities which 


if the movements of all the controls are 
measured. 

§ (27) AiM’AiATra ro^ AreLyrNn a Known 
Constant Fokok thk (’ontrols.— A a 
atated in the general dk»ou8sion above, it is i 
desiraiile to be able t*» oliseiA’c the Miavioiir 1 
of an aeMplifiio when a knoyn constant force | 


require ol>aen*ation.' Inve-stigations in the 
immediate future will of necessity be carried 
out without all the relinebients of measure- 
ment which are desirable. • 

['^c writer wishes to scknowledgi> his indebterinesa 
to hi* oolleague, Mr. H- L. Stevens, for his very 
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It dll Kviterimenlal ami imitlif'inatieal in- 

xestlKMtlon ot spiniiiim 
.1 H3 Ijiferal (ontrol with dllferent 

ot winuT Haps 

M I3K h.xploratloii ol the aiisjieed in the air- 

sc rew' .iliiistre.im ot a tractor aero- 
plane 

It 1 !•'» ’I hi> desiun of a h< nsltno >aw meter 

II ld2 The Miihition ni t m'itie jsiwer witli 

ht iudif j 

•I l<»'* Ki |Mirt on measurement of ii<eilera- 1 

tiiiiis on .11 roitl me In iliuht 
r>0.'» Full M lie ,stnhilit\ i xisTiments with 
K \ F It wlmr set ti.iji 

It •'17 itesistunee of an aeroplane tletormine<l 

b\ tilides w1tti the |»ro|K.lh r slopisal. 

” '}1*V I'esfs ot 8Wl\idlinif preissup' he.nls 

II a70. tnaljsli o| plimroltls ohtiilnetl l)\ a 

rt < tirdlnir airsis'cil iritlit .itor, 

II (HjM. Itedmtion of aertifdane trld-. for the 

imriMwes of aertsis naitili < omparl- 
Hfiii ami pretllf thin 

II 61U F^rtors of the reaillmrs t»f altlimdsTs 1 

ami alrsjH'etl imlleafors title to ; 

variations ot temiH-ratnre of the air 
II tW(5 Control .ls .i iriterltui of lonwrlf udlnal j 

stabllitv 

iT OH Maximum rontrol of I'li'vators *if , 

• illtfiTcnt slzf's ' 

M 05U. Full wale determinatitiii of the lift I 

ami drag » <H'flb lent.s of IdpLnies by 
means of einiine ami airscrew* 
perforinaiiec. 


in front alonjf the Lt'iiiiniij Edtje and tajMUing 
Uiadnally to the rear, tin* I'/niluuj Edip. j'he 
under .side is nion* in arly flat ami ih usually 
slijfhtly eonoiive 

Foj. I ^fiM'.s the form of a vertical Hcction 
of some tyj»i< al wnit^ taken at riffht aiifflcH to 


” '■-"nir : th.. ,.,4..., »h.K. f,.j. 2 .» » 

variations ot temiHrature of the air ' draw lutf of an aerojilane on which tlie vanoun 
II two Ciuitro^Ls .1 iriterltui of longitudinal j .*,,4 mdieated. The winf:^ when I'on- 

,f Oil MaVfinuin rontrol of elevators ».f , Hhlensl apart fnun the rest of the imwliine in 
• tlilferent slzf'i ' HiMikeli of JW an .Icro/oif. 

'■ .oSaoSil", itun-'x ' a T-f. <1- l-^ltng U, tl... tra,l,„R 

means of einiijie ami airscrevv ed^e at right angles to the length of the wing 
perforinaiiee. known an the ('fiord, w hile the dbitanct) from 

I tip to tip measiireH the SfMTt. I'he ratio of the 

j to the chord gives the A^ptirl JitUto oi the 

, j wing. The lift on the wing dej»end» greatly on 

Aerofoil TrF-ory of an Aiilscrkw : a theory { the shaiie of the section and is mfliicneeil by 
based on t ho hyf lot hesis that an airscrew blade j variations in tho iipjicr surface to a givati'r 
may be reganled as an aerofoil of a form 1 e.xtcnt than by miKbflcations of tlie- low'cr 
suitable to glide in a helical ]>ath, tho per- I side. It also dcixiinls fin the asfect ratio, and 
formance of the airw rew lieing calculated j for a given wing area is increased by increasing 
from an integration of the forces acting on j this quantity. 

elemental strif>s of the blade, such elemental The wings are attached to the brsly of tho 
forces being ei^materl frr>m aerofoil data 1 machine, pn^j^ting f^im it at right angles to 
• measured directly in a wind channel. See its length. • 

“ Airscrew, The,” § ( 2 ). The two wings, right and left, do not lie in 

, Aui i . > ** 4. / -• * the same plane, f>ut aro«incUned to eac‘h other 

' This paper Includes an account of early measure- . *. . , , 

menta of preuurc dtstiibuUon over wings 10 flight. angle whi^ dbes not diQir much from 
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180’. Imagine the maohine placed with 
its pbpie i>f gyminetry verti(^, so that 
each half of the wing ig equally inclined 
to t8e horizon. The angle botw'een the wing 
and a horizontal plane ia knowi. as the 
Dihedral Angle, 

If the ma<!hino hag one wing, or rather one 
pair of wings, it is a Monoplane. A Diplane 
has two |>air, one mounte<l alKJve the «>ther. 
a Triplane threi; pair, and so on. 

In a multiplane the wings are held apart by 
Struts ; the whole framework is strengthened 
by Bracing ll irfr?. distanee Is'twoon the 

aings in a biplane is known as the Gap. In 
many machines the iiings are Staggered, that 
is to say, the upjHir vniig is not exactly abo\e 
the lower but is set either ratlu'r in front — 
positi\>e. Stagger, — or somewhat behind — nega- 
live Slogger. 

The liody of the maeliino is elongaUsl in 
form and consists of a light rigid frarnew'ork 
of “fair” shajs', eKtemally eovensl ui with 
thnx'-ply wood, canvas, or thin sheet metal to 
reduce resistance. 

The central ]K)rtion of the Issly contains the 
Pilot's Cockpit, in which an' placed his ap- 
paratus for controlling the at^roplane and his 
instrumoiitg. 

IJehmd this is the sfiace for cargo or i)a*«- 
engt'rs. 

In a single-engined Tractor ,l/ac/n«c the pio- 
IK'lling nu'chanism- -the Engine and Jir^icrcu'— 
LH placed in front of tlie pilot. 

In a tw'in-engUK" mai'hino the engines an* 
mounted Ijetwtx'n the wings on either side of 
the liody. 

In a Pusher Machine the engme is behind 
the pilot and the pro|S‘ller rotates behind the 
wings. 

The lower members of the Ixxly framework, 
known as the Ijongemnn, are prolonged forwanl, 
and to tlu'in the engine is secund. 

Jlio framew'ork of the Inxly, knoivn as the 
Fuselage, is prolongeil backwards Is'hind the 
wings and terminates in the Tail, a small 
secondary wing with its length parallel t<J that 
of the wings and its chord inclined at a small 
angle to the chord of the wings. 

The Fin ia fixed in a fore-and-aft vertical 
plane a^ve the tail. The tail and the fin 
servo to maintain a steady direction of motion ; 
the tail checks oscillations in the vertical plane 
— pitching “ while the fin is effective in 
damping out the tendency to turn t^» right 
or left. 

The machine is carried on the Landing 
Chassis, a stout under-carriagc on wheels, 
mounted on spri|^gs so as to atnorb the shock 
, on striking the ground when landing. 

When taxying at startup the tail rests 
on the Tail Skid untit^ft speed hast been 
retched sufficient to raise it off the ground. 
The Wivig Skids are fixed under the wings 


and fireveut the wing tips from striking the 
gromul. 

The inaehino is eontrolletl hy the* pilot by 
iqeans of the EleixUor, the Hudder, and the 
.di/eron/i or M ing Flaps. 

The it'ar }K>rtion of the f ail is hingiMl about 
a horizontal axis [larallel to the ixlges of the 
wings luid firms ♦he Klci'otor ; on raising the 
elevatiir the lift op the tail is nxluctd and the 
nose of the i uichine n.s»'s ; on depn'ssmg the 
elevator the revt'rso hapix'iis. 

The Rudder similarly is finned by hinging 
the o'ar jiortion of the vertical fin and 8<*rves 
t<i guide the hon/ontal motions of the air- 
craft. 

The Ailerons or II mg Flaps aix> portions of 
the trailing edges of the wings near the tij>s ; 
thesti are hinged about axes panillel to the 
etlge and can Ih' raised or lowered by the 
pilot. 

On raihing an aileron the lift on tlio corix'- 
sixinding wmg is nnluced and the wing 
deprea*’4“d# 

'Phe control surfat'cs aix' connocU'd by con- 
trol win‘S to the pilot's cabin; tliow' from 
tlic eh'vator and the ailctxins lioing attiit'hed 
to the Control Stick — tlii' Joy Stick- wiiile the 
nidder wiies an.' li'd to the Rudder Bar, 
which is moved by the feed. 

The control stick is fitU*<l with a universal 
joint at its bass*. Motion backwards and for- 
wants, jiarallel, that is, fi the length of the 
machine, moves the elevator ; motion to right 
and left iSfieets the ailertuis. 

If the control column Ijo pulled bock the 
elevator is raised, e^iUHing the nose of the 
mai'liine to iisi'. 

When the control column is mfivod to the 
right tlie connections are such that the right 
aileron is raiseil ; this n'duees the lift and 
leads to a dejimssion of the right wing. The 
ttame motion depreawts Die left aik'ron and 
raises the left wing ; thus a rolling movement 
is producetl. 

If the rudd<‘r bar lie pushes! forward by 
the right fiot the nidder moves to the right, 
c.au8ing the maclrine to turn in the same 
direction. 

Tanks are fittcni in suitable positions to 
contain the ]K*trol ami the oil needed f>r 
lubrio 4 ition. For the petrol supply a simple 
gravity feed, where it can l>e obtained, is 
desirable ; the tanks should lie plaoeel so as 
to nxluoe as far as ^possible Jtho risks from 
fire ; in a single -engined machine p<i8itions 
just lielow the up])cr wdng and at some dis- 
tance from the engine are to bo recommended, 
while all the cocks controlling the flow should • 
be readily ncBcssible’to ^le pUot. 


Abbofi-ahb Sco “Aero- 

plane Structlres, Theory,” $ (13). 
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AKdOPI.ANK STKIKTIIRES, EXP/?IU- 
MENTAL TESTS ()E STRKNP/rH * 

1(1) iNTUoDrnoHY. In Htructurg^, 

vvlu-tli«‘r (if Mirn[)l«i nr ((iiriplex dowgn, then* nre 
I'l'rtiiin partM wImmc thii Hfivanos or the ilia- 
triliutinri of str(“iR aro to Honio oxtiint matters 
of ('onjoctiiri'. In Imd^e buildin;' and alliod 
branches of cn)/m«*c'f my, where the wei|;(ht 
of the Mtrnctiire i,s not nsiialiy of priinary 
impoitanee, it is possible to {>rovid<‘ by 
lilxTality in (h'si^n a^a rist failure in sueh 
partH, In aircraft (h^si^n, however, where 
every fioiind adih'd to the strm ture reduces the 
oanviUK capacity by the same amount, the 
streni^th of parts which are riot easily subp'ct 
to accurate calculation is fic((ueutly a matter 
f»f doubt, and this doubt cui only be lemoved 
liy the dani/eroiH nu'thod of hmjf trial in 
actual Hmvice, or by the safer (and in some 
cuHos more convincing) n,..|hod of laboratoiy 
test I no. 

It IS sr'ldom possible aci uiaU'ly titn^iuvaent 
the asHunu'd distnbution of uir fojul by rmvuiH 
“f a static t('st, ,in<l a tan tain amount of 
('om^irornise Ix'CiuntH necessary. 

Accurate I't'pKvientatiori, however, is of ■ 
doubtful advantaue in cas(>s where tin* eoi rect - ! 
ness of (In^ as.sumed loKhii^i is unuMUin, and ! 
m tinvse easi's tin- attainment of ueeuracy 


§ (2) Test of Main Planes. — The test 
of main planes in its moat oomple1|» form 
ia to some extent a teat of the fuselage 
also. Four types of loading are ustially 
represented. 

(i.) Normal Flight at Stalltng iTU'idence.— 
In this case the angle of 1ft degrees is 
usually adoptcil aa the average stalling 
angle for biplane wings of most modem 
sections. The centre of pressure is well 
forward (about 0-28 of the chord from the 
leading edge), 

(li.) Normal Flight ^t High Speed.—'Yht' 
centre of pressure is further back ; aiwut 

0 4o to 0-5 of the chord. I’liis usually repre- 
sents an angle nf imidence of about -f T and 
a lift eofdlieient of about 01 to 0'15. 

In Isdli the above east's a tlrag force is 
presunuHl to act on the jilanes eiiual to one- 
Ht'verdb of the lift force. 

(ill.) \ trtiral i\o.sf-clire at Lntnting Velocity. 

“ Jbe planes are at a small negative angle of 
imidimee; (bo life eoetlieient i.s still positive 
but of veiy small value. The di.stribution 
of the loading cniiHes a “ down load ” on the 
fi'int Hjiar, and an “ up load ” on the rear sjiar. 

1 bo inonitmt acting on the planes is balanced 
hy a “down load” on the tad jdane. An 
uibitiary proportion of the weight of tJie 
'vhole maelune is assumed to 1 k' taken by 


- 1 


.1. . ^ ' ” minaec 

distorts appro, lably. the did nbitl ifin of tb, 
mr force.s on it will unde, go m.Kli(i,.ation. 

ii.s eliange ('juiiiol ,>!imly h^ represented in 
the loading duimg test owing to tlm implica- 
tion which wouhl be lutr.Hhiced. and the 
value of the ultim.'vte had wlueb the tost 
gives may l>o leas but is usually gri'ator than 
that will, 'll might U' exjH,cted under Ibght 
eonditions. ^ 

Otlicr souiees of ernw in static te.sts are due 
to tim,. etTcct. which IS s,>nnMs ,mlv m the ease 
of timlH.r. and lo (ho absence of nbratum 
rfTeet ^ produce a considerable 

In Htatie testim:, large l,»ad.«^ are generally 
employed, and it m.t infrequently liapiieus 
that, owing (,. dustortion ,>r failmv of (he 
struetun. under (e.st, the stability of the huid 
iNH'omes doubtful and considerable daiigei 
may be mcurrtxl during examinatmn. meivsure 


able duration m aerobatics, 

I § (•') Mrriion or Test —Suitable for (i.), 
(ii.), AND (i\.) o|.- (2)._ The lesultant press- 

lire of the uir on the jilanes is rejiresented 
by the weight of a distiibuted load of shot 
>agM. Since the weight acts always in a 
vertical direction, it is ncjcs-sary to mount 
the machine at a suitable angle. The 
resultant air force does not act in the 
Hamo direction at all parts of the m^in 
planes, so the average direction only ctgi be 
rejirescnted. 

d he shot bags aiti sjiaced to secure a 
suitable distnbuti.m along the siton of the 
|»lnne.s, and are placeil at various distances 
from the leading edge in aeeordanee with 
the centre of pressure eoeflident at each 
position. • 

The orxlinary ribs are not under load and 
must therefore l»e tested separately. The 


ment, or furthv lornlin* of the Struct separately. The 

i« an esaential part of the nrranitemrnt f.r I "/ and stresws ia, however, 

any teat, ,o ,.„,„re against eom,.h!5^ ..niLL iXmar^rt '‘o * 

of the structure, nhieh Pieveiita cjtaminat on ®‘<’- '’■'>«« *•>» 

of the failure in its early^staitea and im.v lead L™„.® u."!T “ 'offioinnt to 


Au * M I'lvyvuw, e.x»nunation 

of the failure m its early stages and may lead 
to emmeous eonelu^ons. WheTi large con- 
^ntrated loads are in a teat it is 


u) Buiiivirnv lo 

prevent lateral failure of 4he main plane 

; JPAra. an^ since the stiffening effect of slack, 

frequently possible, and alwavw advisable might occur in service) is a 

keep them ^ ^ar gmuuddevd L ' ^me^hat unknowff^acter. the test is m^de 

will allow. ^ ^»th all fabric removed frdin the planV 

To support th(^ shot bags, loose boards are 
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laid across the front and rear spnra Tlit* 
friction iKJtween those boards and the spars 
tends Sdi^htly to rostnun the lateral bowinp 
of tho latter, but this effect can be set against 
the restraint which Mould undoubtedly l>o 
suppUoil by even the slackest fabric Mhioh 
might occur in practice. 

This nietluHl of loading x)ormit8 of compara- 
tively free access to the main plane framcMork 
for iu8[Hjction or measurement during test. 
The weight «*f the boards and of the planes 
themselves is included as pait of the total 
tost load. A slight error is involved In'causo 
the distribution of this Meight is not quite 
the same as that adopted for the shot bags, 
hut since the weight of the main pl.me struc- 
ture and the hoanls is usuiilly only 3 jK'r cent 
to r> jx'r cent of tho total load at the time of 
failuie, the error in distribution is of small 
magnitude. It is possible, howTver, to obtain 
Cor O'er distribution (should it be desired for 
accurate research work) hy suitably pn)por- 
tinning tlu' boaids or by applying a suitably 
distnluited initial load. 

The mam jrlaue structure is attachiHl to the 
fust'lago (or boat hull, etc.), and supjiorts 
arc placctl un<U*r the latt<‘r, the reactions 
at the supiKirts lieirig arranged to represent 
the weight of tlu* fus<*lage ami it.s contents. 
The machine should Ik* nioutiU'd at such an 
angle that the r(*-sult<iul of the assumed 
“ lift ” aial “ drag ” forces on the planes will 
act vertically downwards. The llexibihty of 
the fust'lage will affeet the di.strihulion of 
lojvd m the various attaclimerils of the mam 
plane structure. In onlcr to letain tho 
iioimal flexibility, the fuw'lago is usually 
moimUNl on blocks placid approximately 
under tho principal weights and resting on a 
system of short beams or levers winch finally 
riK-k on one transverse beam jilaced under tho 
jKjsition of tho centre of gravity of tho maebino 
(Ie.s8 main planes). 

^he couple usually required for equilibrium 
Is SQjipIieii by anchoring cables applied to the 
tail of the fuselage. Tho n?jvctions in the«c 
cable.s will represent balancing air forces on 
the bvil piano and elevators. 

In tho COSO of machines which carry 
engines, bombs, or other large concentrated 
loads in tli# main plane structure, partial 
support should be supplied at the position 
of each load to represent the weight of the 
latter. The correct proportion of the supjiort- 
ing reactions can Ik* ensured by a suitable 
system of beams or levers. The mounting 
for tests (i.), (ii.), and (iv.) is illustrated 
diagrammatieally in Figs. 1, 2, and 3 re- 
S|>ectivcly. • 

§ (4) Calculation* op I^ads, ETt., for (i.), 
(ii.), and (iv,). — In non^ai horizontal flight, 
tile “ lift ” componentif of the air fo?ces on 
the main plane structure roust be equal to 


I the weighs of the eiffuplete machine, less any 
[_lift Proponent of the airscrew thrust and of 
* the air forces on the remainder of tho macliine. 
In most ca^s the latter l omponents are of small 
magnitude in comparison with the weight of 
the machine, ami may without «*riou8 error 
.K* neglecteil. The weight of the main jilime 
F.truetuiv may Ik* reganled ivs a distributed 
loiu* on ibe pit’ Ties acting in the opjatsite 
direction to tho “ I ft,’* and then*fore introduc- 
ing very htt'.e stress into the memliers of the 
! struct un*. 

I For tc.'it or design purposes, therefore, the 
I air forces on the planes in the direction normal 
to the line of flight may In* taken equal to 
j the weight of tlu* comjdcte maehim* less the* 
j weight of the main plane structure. In 
I addition there will Ik* a “drag” component 
' parallel to tlu* ilirection of flight. 1'his is 
I usually assumed to be everywhere itli of 
the “ lift” force. 'I'lie resultant will Ih* 1 07 
times the assumed lift aiting at an angle of 
tan '‘ i or 8- 13". 

For eiflivemenee, however, it is generally 
oshuiikmI that tlie rosultjint force acting on 
J the main plane structure is equal to the 
; Weight of the ma< hmo loss the w'eight M tho 
J main plane Htructure, and acts in a dinK-tion 
8 to tlie rear of the normal to the direction i>f 
I flight. 

In lalculating tjie proportion t>f tho total 
lift force taken by each i>f the varioijs pianos, 
allowame must be madi* ftir («) wing tip 
effect ; (b) decrcas<*d lift due to ojiciungs, 

^ aftaelimrnts, intcrh’n’ncc, etc. , ami (r) relative 
1 eflieiency of the different j dunes. 

I'liis may conveniently be done by estimating 
first the “ effective area ” of each ]>luno. For 
planes whieh have le.idiug and trailing edges 
parallel, and wliich have no eonsiderable 
ojM*nings or interference, the effective area on 
each side of the machine will Imj 

I (‘Himi span • 0 212 x chord) x chord. 

I This osbiimes that the distribution of tho 
j lift along the span is represenU'd by tho 
i curve standardised by the Air Ministry for 
’ strength eulculations and illustrated in A.t-'.A. 

I R. and M. 575. The span in this coho 
i should lie measured to the extreme tip of 
j the piano. 

I Where openings or gaps occur in any 
I plane, or where the proximity of the fuselage ' 
reduces locally the fflSciency*of part of tlio 
plane, the estimated effective area should l>e 
reduced coiTes|K)ndingly. 

The ratios of the lift bjrces exerted by 
the various planef may lie Jh^rcsented by * 
the ratios of their ei|uivalent areas,” these 
latter being obtained by multiplying the 
effective area# by factors chosen to represent 
I the relative lif| jier sq. ft. of tkie various plancss. 
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The following ratios are nsually a8aume<i 
to ropresent the relative lift i>er unit area of 
the vaftoiifl planes : 



Monoplane, 

1 Biplane. 

j Trlplano, 

Qiiadni plane 

Top piano 

1 ..« ■ 

1 13 j 

1 * 

12 

Second plane . j 

1 


0 8 1 

0 « 

Third j)lanc . ' | 


1 j 

10 j 

0 K 

Lowest plane , | 



• 1 

10 


§ (o) Typkjal t^XAMPLE.— For a nuraencal 
example assume a liti>lano machine of the 
following tyj)e : 

ToUl wci>»ht lit I'oiiditioii . W 

Weight of main plane* ntnicturo . Wi' 

Kxtn>mo span of top pianos (wmj' 

tip to wing tip) .... 2L|-=-4<>'l ft 

Kxtronto Mjtan of oaoli hot lorn piano 
(wing tip to fiist'lagi ) . . 

Chonl t»f top pianos . . . '“i 

('hon.! «jf Ixittoni pianos . . 

The offi'ctivo aioa of the top planes will lai 


=5070 lb. 
. 81)0 11). 


17 ft 
5 ft. 
5 ft. 


eondi4ions*of flight which are to be represented 
mn test, it will be convenient to arrange the 
writ of shot loading, so that when f he t>otal load 
(shot -t- planes 4- boards) 
reaches six times tlic 
normal weight., the shot 
load shall then consist of 
oomplotcKl layers or units, 
ami the dLstrilmtioii of 
the whole load shall then*- 
foro 1 m) corrtH’t (acconlmg 
to aa^'iimptions). 

d'he total load at a load factor of si.v will be 
()(\V - wj 25,000 lb. (appro.v.), 
and may l>o expressiHl tiU l-Mn, when* U is 
the unit shot load and fbe weight of 
the main planes without fabric or lulerons, 
but with boards - 1000 II). 'riius 


U-(W-a),) - 


0 


:W20 lb. 


This unit loa<l is then divided in the ratio 
of the " ei^ivalent art'aa " of the planes. 

Top ])lancs . . 2200 Ih. 

Bottom plain's . 172011). ^ 


2(L, - 0-2lLV,)ci 2(2;i O.) - 0-212 < 5-5) « 5-5 

-241 aq. ft 

If the fusclapo approaches closely to the top 
[)lanc.s, or if a portion of the top centie section 
is rcmoveil for any .structural reason, a 
deduction must he made. In the jiresent 
example it may l>e a.s.sumod that about 
15 sq. ft. of the plane are working at a redueod 
relative cftioiency estimated at, say, 00 jxt 
cent. 

I’lie effective area of the top plaJies will 
therefore Ijc 

241-0-4 ^ 15 -^2:l5Hq. ft. 

The effective area of the bottom planes will 
be^ 

2(L,- 0-212c,)r,- 2(21- 17 -0-212 / 5-5) v 5-5 

= 220 sq. ft. 

Allowing for the relative efficiencies of the 
top and bottom pianos the “ equivalent areas ” 
will lie : 

Top planes* . . 23.5 x 1-2 = 282 sq. ft. 

Bottom planes . 220 x TO = 220 sq. ft. 

The Uital normal load on the main plane 
structure will be 

W - 0)1 =5076 - 890 =4186 lb., 

where w, is the* weight of the main plane 
witructure. This is generally called the 
“ normal weight ” of the ny^hine. ^ 

U we assume that thl^ machine has been 
designed for a load factor of, say, 6 for the 


Since the shot bags usisl for loading weigh 
25 lb. each, it is <nnvcni<*ni to take the 
nearest even multiple of .)0 Ih, for the unit 
load on each |)lan(>. 

'I’lie span of eaelifilniie may then l>e divided 
in0» .Huch a niinilHT of parls tliat 50 11^ placeii 
in each wdl give <hc unit load on the j)laru). 
Top planet . . 22tK) lb. or 44 divisions of 

.)() 11). eiu’li. 

Bottom j)lanes . 17(K) lb. (say) or 34 divisions 
of .50 lb. each. 

'J’he distribution of the load along the span 
will, of courm*, determme tlie rr-lative length 
of the various divisions. (As mentioned 
alM)ve, the distribulion is in iiccordanco with 
the t iirve standardised by the Air Ministry 
for strength calculations.) 

These divisions may then b© marked on the 
boards by elialk or paint, and unit loading 
may Ih? obtaineil by placing two shot bags in 
each division. I'he assumed centre of pressure 
is also indieatofl on the Iniards by a line, and 
the shot bogs are placed symmetrically on this 
line. 

rx>ading may proceed by units — ^two shot 
hags binng plac^ in each division ; or by 
half units — one shot bag only being placed 
in each division. • 

It will sometimes Ik* found convenient to 
place a strip of fabric over the shot bags as 
each unit is completed. This binds the piles 
of shot liags itogethsr and prevents displace- 
ment when the loa^jlin^ and therefore the 
number of layers, becomes large. 

During loadiifg, reasenable care is taken to 
prevent ahocks 4 but the addJttonai stressea 
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uaumimJ by caruIcNS of n sinf^lqi nhot 

bag arc usually ho snmii compiired with thei 
HtruHMUM due to tho total load that it ia un- 
noct'SHary to rmjiloy other than un«kille(l 
hilxuir for loadma. The marking of the boards 
and the usi' of fa brio Ktrips enables any 
ruistakeH made in loadmg to Im; dcteck^d 
immediately. 

It IS, however, important to prevent swi\ying 
of the loaded Ktiueture. This is apt to occur 
and can be restrained by assistants stationed 
at the wing lips, or by suitable dash ]>ots 
consisting of oil drums, secured to the floor, 
with pistons connected to the [danes near the 
outer struts. 

Suitable staging must bo erected to support 


the staging is mounted on jacks.^ The pianos 
are sujiportcd during loading, and the jacks 
released after each i, increase. This ftiethod 
has the advantage that the time during vfhich 
the structure is acted on hy big stresses is 
materially reduced, but it is not usually 
adopted here liecause — 

(i.) It does not provide a steady bed to 
receive the planes at fiylure ; 

(ii.) It is difficult to arrange for all jacks to 
be operated simultaneously at the correct 
relative sjK'wls, and it is therefore possible 
seriously to disturb the distribution of stress 
in the different membefti, and to cause failure 
in some part which is momentarily stressed 
incorrectly. 



Fio. 4. 


the loaded structure at (be time of collapse, 
and caiv must bo given to its strength and 
design, as failure to support the shook load 
may not only render it impossible t<i di'tcrmmc 
the pnrnarv point of failure and involve the 
complete di'struction of the machine, but may 
also involve serious mjuiy to the ivs.^'istants. 
The HiipfHirtmg staging should la* arranged 
with croos memls'rs under the planes near 
the attachments of the struts, the initial 
clearances Is'ing graduatiHl to suit the osti- 
inateil maximum displacements which the 
parts are lil^'ly to fte|>erionce during the 
test. The clearances are then reduecil to 
about o r) inch by means of loose blocks of 
>nK>d of thickness so graduateii as to allow of 
adjustment by %alf-inelt steps.^ This system 
is simple* safe, amh w^ks satisfactorily. A 
iypk'al single-seater mac4iino ereetod for test 
(i.) of the main planosvis illusfrated in Fig. 4, 
la the United States of ^merioa part of 


In France thi* methods employed by the 
S.T.AE,* differ considerably from thoseade- 
scrilied above. 

^ (ff) Mkascrements. — A complete recoid of 
the distortion of the structure is impracticable, 
and tlm following measurements are therefore 
usually made. 

(i.) DisUtrtion of Spnr,9 in a Vfrtiral IHane . — 
Measurements are made of th^ displaeement 
(in a vertical plane) of points on the spars 
near the points of supjiort, midway between, 
and near the tips. These measurements are 
not usually taken on spars which are in 
tcn.sion. A complete record of the elastic 
curve of any spar may be made by photo- 
graphing it l)eh>re and during loading. If 
sufficient care is taken to otoid photographic 

* Tech* Notes, No. 0, Nnt Advisory Committed 
(or Aeronautics. Wa^lngton, July 1920. 

• ‘•Note sur les*SMais stat^ues <les avlons,” 
r«pitaii)c Toussaint, Service OWidral dw A\%>ns, 
Paris, 
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errors, the shape of the spar can be obtaino<( ' pbincf') will bo «ju«l tlio moment of (he 
from n^ensureraonta on the flevelo|>ed plates, j plane forctv 
This method, however, is elaborate, and 
usual!}^ level readings are taken on a v.ertical 
scale or staff (held by an assistant), with its 
lower end resting successively on the various 
pronts whore displacement is to l>e moasurocl. 

Other methods are occasionally adopted, but 
it is generally inadvisable to use any method 
which involves the attachment of .apparatus 
to the structure in positions whcie it could 
be disturbed by an accidental contact during 
loading. ^ 

(ii.) Horizontal Movement of th£ Outer Kmls 
of the Planer . — This is usuall}' measured by 
means of plumb lines, the movement being 
read on horizontal scales. The plumb-b(d»s 
may be damped by suspension in f)il or water. 

Measurements (i.) and tii.) enable changes in 
stagger or incidence to Is' calculated. 

(iii.) Tjftieral Bowing of the Strati. —MonMirod 
mulway along the strut. 

(iv.) Si>(‘ci<il measurements arc taken m 
spoci.il covses where the duf(»iniatioii or displ.ice- 
ment is of particular interest. 

§ (7) Mkthoo of Tkst for Nosi: - divi. 

Conditions, (iii ),‘ (-)• — 'I he resultant an 
forces on the mam planes may be reHolve<l 
into a coiijile and a force having “ lift ” and 
“ drag ” components. For the .purpow.s of 
tost the coujilo and lift force may Is* rejirc- 
sented hy suitable upwatd forces applusi to 
the rear spare and ilowriwuid font's applicti 
to the front spare. 'I'lic nu'thod of calculating 
the foivcs will depend on tlio data which aic 


For approximate (alculatious it may be 
oospmerl that Iwith lift foreea and momenta 
are dividetl between the main jilanea in jiro- 
portimi to the “otpiivalent areas '* of the latter 
(calculated as de.scnls'd in § (o)). 

The loads on th> front and lenr s|>tvr8 t»f 
any planes (say, tlie ion jilanes) may then Ixi 
ealoulafed as f lh)ws : 

Down load tui to^i front spars F, (/j/u ~ 1)1*1, 
and up load on t»)p rear sparg F, F, t P,, 
where a -distiuiee In-tween top s]>ais, 

/, -distaiici- from top front spar to lino 
of action of force on tail plane, 

P, lift force on top [ilanes. 

At hiuitiim \eh»city the <lrag fi>ree on the 
whole machine will (Mpinl the total weight. 
Since the weight of the mam jilanes will he 
ihstrihuteil in much the simc way as the ilrag 
of the main plam-s, it will introduce no stre.ss<^a 
111 the m.uii plane structure and may con- 
vcnicntl\ b<* m-glcct cd. The actual drag h»ad 
whuh must Itc sujiphcd hy tlic mam filluic 
.structure will Ik- ilu- unbalanced jkuIioti of 
the weight of tlu' fuselage, under-cairiagc, 
etc., j ('. the ililTerciicc lietwi'cii the weight 
ami drag of thesi* parts. 

For t<-st pill js»H(*H*it is pidhalily sulli<-icritly 
aci-urab* to asHUiiic that this drag forci^oii the 
m.im j)lam-H is <hstributc<l along the sjian in 
the s.inie tiay as the lift force. 

This muuewliat eomphi-ated system of forces 


available for the jiartuMilar imu hme. For j may repn-stmtisl hy w^vi-ral different U*si 
general cases, a sufficiently < lose appn».\im.i- arrangcniciits, but the following is jierliaps the 
tion may be made by calculating the down load Himplest. 

I 'Pile macliino (comjtl<*te structurally) is 
' inverted and im muted with the <hf»rd of the 
j Jilanes at an aiigh- cijual to the angle of 
1 ineuh-m-e during the tlive. It is 8upjK)rt<Hl 
j at tin- front spars of all jdam-s. Tlie reactions 
j of thcsi- HupjMirts represent the “ down ” loails 
on the front sjiars and should lie distributed 
; m the assumed manner by the use of a suitable 


on tho bill jilaiie from the following formula ; 

p_KWc 

I ' 

whiire rebalancing down load on tail plane, 
W -w-eight of cornjilote machine, 
c - chord of eijuivalent plane, 


f -- distance from centre of gravity <»f ' system of levers. A distributed load is apjilied 
aeroplane to line of action of j to tho rear sjiars. This rcjirescnts the “ u{» " 


force on tail plane, 

K = constant for wing section - approx. 
f for R.A.F. 14, and O-G for 
R.A.F. Iff. 

Assuming that the air force on the fuselage 
has a negligible component normal to the 
flight path, the resultant lift force on the 
planes will be orjual to the down load on the 
tail plane, and tjje moment of the forces on 

Jthe plane" ’ 

point (say 


loml on these sjiars. A convenient method 
of ajijdying this load is to susjriend from each 
8|>ar a flexible jdatform by moans of slings 
sjmicihI, say, at the rib connections. A shot 
bag load, iliatributeil in the assumed manner, 
may then lie ajijilicNl the platform. 

The rear sjiar of the tail plane may lx* sus- 
pender! hy a sling arranged initially (and 
urijusted during test) so as to be vertical, 
i.e. normal to the supposed ijlii-oetion of the 


e planes measured about any arbitrary j flight jiath. Tho reaction in this sling will 
int (say the leading edge of the “ equivalent i automatically represAt Ae “ down ” load on 


the tail plane, provided that the other forces 


‘•A des^ptlon of an artual test Is <^nt.^ned In correctly applied and distributed. The 

Adruory Commuter for AeronautiC$, Jtrportt and , , , ^ I ' . , , • - , 

Memoranda, No. r>88. ‘ unbalanced gravitational force on the fuselage. 
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pt<r,, may l>e n!pn'st‘nte<l l»y U*nMi<>n ui C hori- 
’/-oiiUl f:al)lt‘ jittarhtMl to a Buitalile jwint iff 
ih« fuselaji*', 

Hy rnoann <jf tlii« cablp thn Hhmild 

Ik? iiullcd forwanl until tho HUM(>pn(UMl links 
at th<j front Hpars rnako, with tho vortical, 
Huch an an^^lc that the eomponents of reaction 
rcfirowntiM^ drag and “ down ” loiul are in 
the eorriM t ratio. 

'rhiH aHMumcH, of course, that all the drag 
a<'ts on the front spar. 

In order to j)rcvc'nt the weight of the parts 
under test affeeting the distrihution of the 
forces and reactions, a eahlo may he att4ached 
to a suitable |M)mt in the fuselage.', and hy 
means of a spring halanee, et<-., a t^inaion, 
eijual to the weight of the parts in question, 
may l>e kepi in this eahle during the test. 


of eatimating the tensions of the various weft 
and warp threads in the loaded fabric.^ 

A static test will give for the ultimate 
strength of a rib a figure which prcfbably 
represents with reasonable accumey the load 
which the nb will support under flight 
conditions. 

The following method of test involves 
aasumptions for the solution of (iii ) above, 
hut the end load (ii.) is actually applied by 
covering the test section of jihuie with fabric. 

A number of nhs, usually two, are mounted 
on dummy (or actual) spars together with stiff 
wood end rih.s of similar outline. All are 
spaced apart at the normal nb spacing. Short 
lengths of leading edge, trailing edge, etc., 
UK' ailded to comph'te a representative section 
of plane. 


RtKcTioN ReP«e:t.CNTiN<; 
BwUONCINC, ' Ofiwo LOMO 
On Thii. PuSNL LutvftTOKi 


CtN&TflNr Rircf. Counu 

To Tmc WriGMT OF Tut 
I^CKOPUflNE In Tes,t (<^,MO*T(ON 
la Mpplico he«c ' 



fjTHrir Le«o wpouiCo To 
TmE KCms To 

Lono 

InCUINHTK'N of CMflKO^r 

Fia. 5. 



,f)tjPPORT£, Incineo To RePRES-GHT 
'□rv^o' Lono **• D«nG On Front 
^ onR!:>. The Re«Ction6 
Oit.TRiBo'TED Bt R SuiTRSUe 
SviTEM Of Lever* 


RcncriON RCPRESSENTlNCi 
WeiChT of FuaEk-fl&E 
Leos. D«nc OF FuaEURGE 
flTTRCWhrtCNTE 


The niethml of tost is ilUistrat<Hl diagrammatic* 
ally in /' »(/. r>. 

Inerc'asing the load m the flexible platforms 
ineivasw all the reaction forces in the same 
ratio, and the test ma> piucct'd (jinckly to 
destruction or as far as may Iv dcvsirt'd. 

§ (8) Tkht or AUin IM.vne Kina — 
Accurate calculation of the strength of main 
plane nbs is imrticularly difficult for thi-eo 
reasons. 

(i.) The stiffness of the memliors and 
joints in many designs is such that the actual 
distribution of stress under any {larticular 
loadii^ may dofiart considerably fnim that 
oalculnted on^he usua^pin joint assumptions. 
In some eases more refinetl mathcmaliral 
proceasoB may overcome this difliioulty and 
yield a closer approximation. 

(ii.) The endjoad due to the initial tension 
of the fabric is not aocui^tely known. 

(iii.) The diatributioi# of load on the rib 
cannot easily be calculated *eveu when the 
distribution air prissure over the surface 
of the wing ia assumed, owin^ to the difficulty 


Spoi'ial precaution is taken to prevent 
disturtion of the thick end ribs by the tension 
of the fabric with which the whole section is 
now covered. 

This covering is done in the standard marker, 
and the initial stresses on the riba are thus 
leproduced. 

The test is made to represent conditions of 
flight chosen to stress certain parts with 
imrticular severity. Thus flight at stalling 
incidence involves a luuivy uj) load on the 
front part of the rib, whereas % nose dive at 
high velocity produces a “ down ” load of 
high intensity on the front part and stresses 
the rt'nr ixirtion of the rib in the opposite 
direction. Flight at a sniull positive angle of 
incidence stresses the central portion of the rib. 

The assumed distributed load on the plane 
produces alterations in the initial shape and 
tensions of the fabric, and* he load is trans* 
ferred tA the ribs as a distributed load 
the U'eft threads ^H^rallel to th« spars), and 
as a concentrated load by ifhe warp threads 
no the leading edge. This redistribution is 
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oalculatod by the aid of certain assumptions,^ 
and the final calculated loading is applied 
to each rib by moans of a suitable system of 
susi>vided or 8uperimpi>9tKl (or in large ribs, 
bi»th) levers. Consideration of the aetion of 
the fabric in transferring the air \oiu\ will 
show that an increased tension in the warp 
threads must result, and therefoi-e in the test 
an increased end load should be applied. This 
is elftH-'ted by bands of fabric attached to the 
leading and trading edgt^s at each rib and 
subjected to tensicui in suitiible directions 

During t<‘st the section of plane is inverted 
and sujiported by the «par8. l>oad is applusl 
to a single platform, and is distributed in the 
correct mtio to the fabric liands and lever 
s\ stems by means of suitable levers. 

The actual ajipliciition of distributed load to 
tb«‘ ribs will vary according to the method 
which i-J iulopte<l for the attachment (»f the 
tabne 111 the linal di'sign. 

Attention should be given to the static 
pn'ssiire inside tb(‘ jilane. For routine tests 
tliis IS supposed to ti.xed by the position 
of the vent boles — usually one inch from the 
iniilmg edge on the lower surfaec — but owing 
to the presence of inspection down's, w<»unds in 
the fabne, etc., th(> pressure in the plane may 
nse or fall, and the distribution and relative 
intensit} of tlie forces on the top and bottom 
fabiK.s will vary accordingly . 

Th(' distortion of the iib dunng teat may 
Conveniently be measured by level naidings 
on a senes of scales suspended from the 
spars and from chosen points on one or 
both ribs. 

§ (9) Detail Tests. — In addition to (and 
usually preceding) the tests of the main plane 
.structure, certain eomjionent pails are fre- 
quently snbjeeteil to separate tests. 

§ (10) Test of Spa ns.— Spars may Iw ti'sted 
by subjeiding tliein to the conditions of lojul- 
ing wliich are assumed for design. 

M distributetl load can be ajiplied to the 
spar by a suitable system of levers, the points 
of attachment to the spar eorresp* aiding (if 
desire<l) w ith the rib positions. The inner end 
of the spar may be cither free or fixed as 
desired. The spar may lie supported by 
inclined ties so arranged that their reactions 
will represent^ in direction and magnitude, 
the resultant of the strut and tie wire forces 
at each point. By adjusting the length of the 
inclined ties the points of support of the spar 
may be retained in alignment, or the probable 
departure from alignment at each loading may 
be calculated from the dimensions of the 
complete main plane structure, and during 
the spar test suiflible amounts of non-align- 
«nent may be allowed at eai'h stage of the 
loading. 

* ^dvUorv Committee for Jieronautice, Reporte and 
SSomoranda, 1^0. 443. 


[ Th| lateral bowing; of the sjmr may be 
j^trmned by means of horizontal hinged 
levers (or by vertical slides). 

Where the latend stitim'ss of a spar is in 
1 doubt, the spar may be inclined at such on 
luigle that the ratio of the components of 
tiie Applied load winch act parallel to the two 
prineijml axes of the spar section appi“oxiniate8 
to t*.e iiUio of Ih calculateii loads in these 
two directions. 

In this ca.e the spar under test should l>o 
j restraineil by links and bracing meinlx’rs to 
1 represent the nbs and internal drag stmts 
I and bracing which would Ik* prt'sent normally 
in the actual plane. These members should 
{ be atbielied to a dummy sjiar l.aving the same 
I value I'f El as the a< tua! eoinj>aiiion sjicr, 

1 and at each stage of the loailing tlie ealeulatwl 
j end load for the latter (actual) spar shouUl lie 
1 applied to the former (dummy) spar. 

I If noeessary, te.stH ciui Ik* made on single 
1 bays of Hjiars, In this eii.s** the calculated 
1 living moments must be applied in adilition 
I to the siilTple loading. 'I'liis method reduces 
! the cost of testing large-sized spai-s. 
i The length of sjiar iisi'd for test Mbould in 
no east‘ be le.xs than the length of the nay, 

: owing to the dillieulty of apjilying the end 
; lo.id with the correct eccentricity at all 
' st‘ctiona of the spar. 

i §(11) Tf,.sts of I^ittino.s.— J n many coses 
; the strength of iletail fittings is iu>t|j9ubjoct 
; to accurate ealeiilation, and whrm the strength 
' is m doubt tests are of use. The nature of 
I any test ^ill, of course, depend on the tyjie 
i of fitting and the loiuls to which it is Buhjoot«l 
I 111 Hcrvne. The ilevising of suitable tests 
I frequently gives wojie for the exercise of 
' eon.'^iderahle ingenuity in the application of 
J simple iiiei hanu H. 

i §(I2) Test of Fuselage — Down Loau. 
i Two conditions are usually considered in 
j coniHMtion with the testing of fust'lages for 
j dow'iiward forces on the tad plane. 

I (i.) Steep Dives, — When a largo pitching 
! moment and a lift force are applied to the 
’ fumdage by the wings and are balanced by a 
downwartl air force on the tail plane and 
elevators. In this case other forces acting 
on the fuselage have usually little effect on 
I the strossi^s in the members and may conveni- 
ently bo neglected for test purposes. 

(ii.) Stalling or Landing . — When accelera- 
tion forces are acting on the engine, tanks, 
crew, and on the taft unit ass more or less 
concentrated loads, and on the fuselage frame- 
work a* a distributed load. The tail plane 
may also be subjecterl at the same time to a 
' considerable load.e *' 

i In test the conditi^s (L) may easily be 
' represented by securing the fuselage at the 
I ptdnts of attat^hmenU of the main plane 
i structure (doe ]^ro vision being emade for t|ie 
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correct fJl«trif»ution of the reacfiona|| and j 
applying 1 'wmI to the tail plane, 

The eonditionM of (ii.) arc more difheult to j 
reprcrtcnt, unrl it im usual to teat the rear ■ 
(Miit of a fuselage under conditions aorru'what j 
aiinilur to (i ) uliove, arul then to test the ; 
front part and engine la-areia hy a()plying a ; 
load at the poaition »»f tne centre of gravity ' 
of the engine, Hiippoiiing the fiuH-lage eentrully ' 
aiul anchoring the tail. 

The hiaeing efFei t of thi‘ cr.inkeaae should 
1)0 leproMenti'il hy a ste(l plate or other , 
Miiitahle riu'inher holteil in position, d'he j 
nature of the eiritral aiippoit will de[)end on ! 
the conditions fepieseiited. if the hauls ate 
tlioMi) due to sudden stalls, the fiiselagi* will ^ 
Im' suppoi ted at the jpunts of atlachinont <»f the i 
main plane stiuetuie, levi*is laang UHe<l to ^ 
(listrihute tlu' loa<i, and heing so pioportion'-d ! 
as to eiisuri' that the lesultaiit of tin* reaetmus ■ 
passi^M through the centfo of picssiire of the i 
ei(uivah'nt chord of the plain’s. 'I’ln’ fusrlage i 
should he un'unteil at the stalling angh* which j 
has hei'ii assuineci * 

If the assumed loads are dynnmie fones , 
lluivto landing, the fuselage will he siippoited 
at file attachments of the undci -carnage, the 
resultant rea«’tion heing ariMUged to pass ' 
through the a\h', and the fusil. ige heing 
mounted with tin') chord Inui/ont.d { 

In all cases the tad 10,14! is applied con veil- | 
tionall^>iat the lunges of the elevatois. J 

Kahrie is usually removed I tom the fu.si'lage ! 
during te.st. In .some ilesigns it ^s possihle ! 
that the fnhrie may restiain the ilistortioii i 
of the longitinlinuls and enahh^ them to eairy J 
a greater end load without tailuri', hut the ■ 
strengthening elTeet is gencr.illy so uneeitain 1 
that it IS not safe to ii'ly on it for any a|)pr»'ci- ' 
able increase in the strength (d the fuselage as 
a whole. 

Uiirmg a test the \ei*tieal displacements of I 
various jioints in tin' framework are meu.sured. [ 
The bowing of longitiidin.als, movements of ! 
fittings, ote., aix) ul.so noted. For aeeiirate I 
work it is advisable either to lig the fu.selage 
befoivhaiid with known tensions m the bracing 
wirt's or to note eimdully the stages of the 
loailuig at wliK’h each win' in tuni becomes 
slack, 

§( 111 ) SiPKLOAt) Tkst of \ Fr.sicLAOE may 
conveniently be combined with the teat of the 
rudders and tins, i/.c. 

§{ 14 ) Torsion.- W heiv the atiffiiesa of a 
fust'lage in tol%ioii is iif ilonbt, a suitable test 
may bo made by ac'ciiring the fust'lage at ' 
the jKiinta of attachment of the main plane 
stnu'ture, and iy>plying a liahuicod couple to , 
the tail piano. • , i 

§( 15 ) Monocoqpi^ Fi4?klaoe.s.— T n general ; 
the same methesl of treatment applies either j 
to monocoqu© or Wraeed •fuselages. The 
uhango m tho^hape of the cnfe-scction should ' 


be measured during loading, at various 
positions along the fuselage. 

§ (Id) Boat Hulls. — It is occasionally 
desired to test boat hulls. If the hull carries 
the tail unit, and flying conditions are to 
ho represented, it may be treated in the 
same manner as a monocoque fu.selage. If 
“ landing ” conditions are to be represented 
Home distribution of pressure must be assumed, 
ami may llien b<! reyrt'csented approximately 
by a distribiiteil load with suitably placed 
shot bags. Owing to the doubt which usually 
exists as to the exact distribution of the 
a< tual water jiressim*, and also on account of 
the dirtieiilly of reproducing accurately the 
a.ssurned distiibution, these tests are .seldom 
made. 

§ (17) Tk.STS of rNDLH-L’AUKIAUK. -Static 
te.st.s on under carriages can funiishiuformation 
on the ultimate load (m the direition of te.st) 
whiili may be Hup|W)ited by the stnnture, 
ami on tlu’ energy ab.soibeci and di.ssijiated 
by tlu' fli’Xible jiaits. 

A convenient method of testing is to invert 
the fusi lage With niidi r iairiaee attaelicd, and 
load the ends of the axle to ic|»resent the 
leaetioii^) of the w heels. 

Since wheils and ty/i's are standard and 
mteiehannealtle, tlieie is no necessity to 
include them in (nk li test. It is, however, 
neie.sM,iiy to ensure that the load is applnnl 
to the axle in tlu' correct manner. This may 
be done by suspending the load from fittings 
wliieli make lont.n t with the a.xle at the same 
positions as the bu.slu’s of the wlieels. By 
siiitalile geoinetiieal const nutioii the resultant 
of the ajiphed load lan be made to tiavel 
outwaids, as the axle bends, to reprcsc'iit the 
outward tiavel of the ground reactions on the 
treads of the tyics ilue to the ihclination of 
the w'hoi'ls during landing. 

At intervals duiiiiii the test readings are 
Liken of the distortion or displacement of the 
various parts of the under-earriage, and {•oin 
tluxso the energy iibsorlsd for any load can 
ho ealculnti'd. The eharacteristies for the 
eompleto under carriage can be obtained by 
adding the energy absorbed by the tyrea, x\ hieh 
either is known or may form the subject of 
scfiarate experiment. 

By taking measurements diirgig removal of 
the load, for various values of the latter, the 
energy dissiimtfHl may also lx> calculated. 

It must be noted that these results may 
strictly be applied to the under carriage when 
subject L> alow loading only. It is evident 
that the energy absorbed by a fluid -controlled 
fOleo type> imder-carriage will depend entirely 
on the rate of loading, an<# its action under 
service eonditions cannot be calculated from* 
the n'sults of slo^ static tests. There is at 
prcseiit imidequat<^ informaUpn as to ^.he 
correction which should be applied to under- 



AEROPLANE STRUCTURE^ THEORY OP f 


31 


oarriagos using nibbor shook absorbers, but 
the approximation obtained by assuming that 
the absorbotl energy will be the same for static 
ami <|ynamic lomling Hill Ije sufticiently close 
for general j)urjK>8es. 

W hen (lesircMl, dynamic tests can bo made 
by imiunting the under-carnage and wheels 
under a loaded platform and dropping the i 
whole from various heights. In this cas«‘ ! 
wdf-recordmg apparatus must be used to ' 
measure the deflections, etc., of the variiais 
parts. 

§(18) Tkst of Ailerons and Elevators. ' 
— (3\ung to the meagn* data available ns to 
the flistnhutnui of air forces on controlling ' 
.surfaces, the to.stH on these parts arc usually 
of a Himph* eharucter, and ami ratluTat check- , 
mg the strength of the fittings and controls 
than at ri*producmg any iiarticular conditions i 
which occur in flight. ! 

'I'lic sui-f.iccH arc usually loadixl uniformly ' 
m the (lircition of the span (with icduction j 
of the loading near the ends) and with the [ 
cenlie of imssure cveiywhero one-third of the 1 
distance fimii the front to the lear of the | 
suifa<('. The [wrts are held in jiositioii hy j 
ini'ans of their control luhles, the pilot’.s 
(‘ontiol column Ix'ing sccuiod hy <i spring , 
halaiu'c airangisl to read the force which the 
pilot's hand wtjuld have to exert to hold the , 
load 

.\ik*ronH are usually tcste<l under eonditions 
of up load on one side only of (he maehme, ! 
and elevators under londitions of down load. 

§ (19) Side Loads on Ki'ddlrs a.nd Fin.s. — 
The fuselage is m« muted on it.s .side, and may ' 
l»o supported at the attachrm'uls of the planes , 
or at some point which is selectcsl as the 
probable instantaneous centre of rotation for 
Viiw. Shot bag loiuling is applieil to the tin j 
.Old rudder. It is usual to distribute the j 
lo!ul uniformly on the fin, but on the rudder , 
tlie centre of pressure is taken to lie every- ; 
wluife one-third of the distance from the : 
front to the rear edge. 'I'ho total lojuls on ! 
the till and niddor bear the 8^^me ratio iw the i 
re.spective areas. W'here the machine has ^ 
more than one fin or rudder, the total loads i 
on all {mrta will be in the ratio of the respective | 
areas. I 

The rudder ^hould be hold in i) 08 ition by 
means of the controls, the rudder bar being > 
held by means of a spring balance which will 
indicate the pressure which the pilot’s foot 
will have to exert to hold the rudder in 
position. 

During loading the deflection and distortion 
of the fuselage are measured. .Special note 
is made of any slcBkening of the “ bulkhea<l ” 
«ro88- bracing wires which may occur. The 
change in angle of the rudder should also be 
not^, because in certain Criachince the maxi- ; 
mam rudder moment which can be brought ' 


into i^y M any particular gjioed is decided, 
tjot by the maximum pressure which can be 
exertoil by the pilot’s foot, but by the stretch 
of the rinider controls. ^ ^ 

AEROPLANE STKITTDHES, 
THEDRV OF 

AnAIASIS op iSfKKS.S Distribetion 

§ (I) Introduction. — In all aeronautical w<irk 
one of the foremost probUous the designer has 
to face is lightness of ctinstruction consiste'ut 
with stnuigth rcipiircmciits , thus, to cllctt as 
great economy as p<tSHil)lc in dead weight, 
accurate analysis ol the f»)r(’cs brouglit iuti' 
j)lay ami of their effects becomes oswuitial. 
The theory of ilcsign of aircraft, in fact, may 
be said to start where that of ludiimry 
.structural design limshes. 'I'Ik' methods used 
in the latti'r, even when special et-orioiny is 
hemg exercis'd, become the rule of (liumb 
methods o# ai^roiuiutic'*. It is not meant to 
depreciate the value of tlu' le.ss accurate 
analysis, since it is usually from this as a 
starting- point that the gem ral desimi evolvfs; 
but pr(‘sent day liesign e.dls foi a mori' evaet 
ealeiilalion m older to show wluie and how 
nioditication or saving can be elTei ted without 
matiTially weakening the structure or part-. 
►Space does not perniit of an ehihoiu|e ilis 
cussion of all the problems that juestmt them- 
Hi‘l\es, so attention will lx* focusscsl in this 
article onl>*u|>on tlu* general ])niicii>lcs under- 
lying the methods usually employial for stresa 
<*alculation in aeroplane fiameworks. 

The frauiewoik wliu h sujiplies tlie strirngth 
to the aeroplane may be treatetl in two 
jirinci{ial jnirts- (a) the body or fusc'lage, 
containing the engine, etc,, and about which 
the machine as a w hole is built up ; and {0} the 
wings, which in the mam supply the Kustaiuiug 
ft>r(;e. bhe usual method of construction for 
these is the cross- hnwed Warren or N ty|)c 
of gird<‘r; that is, main booms an* taken tlie 
whole length of the structure ami connected 
together by struts, the spaces between the 
struts being cross-braced hy wires running 
diagonally. 

§(2)The FrsKLAOE Framework.— Itis usual 
for the fuselage to be rectongular at sections 
Firmed hy planes perjiendicular to its axis. 
Four booms or longerons, a/x* . . .,a'b'c' . . ., 
a|6,c, . . ., u/fejV/ . . . {Fig, .1), run along 
the length of the body at the comers of the 
sections, and are connected by struts re,. 
c,c,', c,'c', e'e, the sjioces Ixdwecn the struts 
being croBs-bracAxl ^y wires* as at 

and also at the bulkheA^ls bby\ l/b^, etc 
In order to give a faired form to the fuselage, 
and to reduce the aen^flynamic resistance of 
the machine, thq struts in geneiaJ decrease in 
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length from the front kj the toil and 
the whole i» completely encloHed in fabri^. 
For the puri)o.so of calculation the front 
jM>rtion rnk, which containn the engine frame 
and alHo to which the wings are connected, 
may l>o regarded oh fixed, the fuselage l)c- 



coming in effect a cantilever, 1'hc load is 
applied at the end a through the tail plane 
and rudder. The former prodm’os a force 
acting along and the latter a couple tend 
ing to twist the fuselage alxmt its axis. 
This couple eau he r«'|^aoed by two fures 
IHUpeij^lioular to the jilane of Hymmetry of the 
fuselage ami acting through the two points a 
and aj. 

'I'ho magnitudi* of these forces must bo 
obtained from a knowledge of the aero- 
dynamic pfd]H'ities of the tail system when 
acting umler the most adverse conditions, 
suoh as, for example, during looping when the 
down load on the tail is very large. 

§ (3) Thk Wing STurc'rrRE. — The members 
that exist for eonstnietional purposes in the 
wing struotuie cannot in all cases be shielded 
from th(' w ind as in the of the fusidage, w ith 
the nvnilt that aenidynamical e«»nsiderations 
frtHjuontlv bnter in to mmlify the stnictural 
design. Attempts have lx*en made to enclose 
all strength ])arta of the wing system eomplet<’ly 
within the w'lngs themselves, hut those coses 
are rare ond freciiiently aeeompaniod b\ other 
defeets. In the main it is necessary to resort 
to external bracing, and in the easti of biplanes, 
etc,, external struts w'hicb, on account of the 
neoeasity to fair the section and mountain a 
low aertalyimHiic resistJfnco, become far heavier 
than would normally be the case. 

The biplane structure is usually built up 
from two N girders. One is forme<l by the 
twro front sj^arJ running the v^hole length of 
the upper and lowcmv iqgs, connected together 
by the gap struts and eross- bracing, the lift 
wires FB, GO, etc. {Fig. 2), alid anti-lift wires 
AG, BH, eto.^F^, 2). The qfbher is composed 


of the rear spars with the corresponding gap 
struts and cross -bracing, lift and anti -lift 
wires. The front spars are usually situated 
about a quarter to a sixth of the ^hord 
length from the leading edges, and the rear 
spars a third from the trailing edges. In the 
wings themselves the spars are 
connocUid together by ribs and 
cross-bracing wires (drag wires) 
{Fig. S), and for final rigidity 
diagrmal bracing is inserted to 
connect the front spar of the 
one wing to the rear spar of 
the other. These bracing wires 
are called incidence W'irt‘8 
{Fig. 2). 

'I’he gap stmts, incidence 
wires, and lift and anti-lift 
wirf's are faired in order to 
diminish the aen)dynainic head 
resist^inee. 

tj (4) Natihie of External 
LoAUING on VVlNG.S DUE TO 
Wind Foiu es. -To determine 
how the external wind pressure 
aflects the strevss in the wing framework, it is 
maessary to know the law of distribution of 
the pii'sKuro both ero8.swisc along the span and 
lengthwise in the direction of the chord, for the 
nature of this distribution will determine w Inch 
s()Hr, front or rear, and which st'ction of the 
spar is most heavily stressed for the typo of 
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flight considered. This distribution can be 
found by wind channel ex|ierimentB. In normal 
flight the pressure intensity along the span is 
greatest al mid-span, and falls off almost to 
aero at the wing tip roughly according to an 
elliptic law. It will be a sufficiently cloee 
approximation to assume that the distribution 
in load jx'r unit length along the span is 
constant up to a short distihnee from the tip. 
From there onyrards it could again be regard^ 
as constant but ^ smaller amoupt. This of 
course only appTi^ to no«inal flight,^ In 
cases w here the aeroplane spins rapidly about 
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a v«rUo«l axis tiie mcraasrd foroes nn tbo 
outer wing tip« toe sometimes so large as to 
neoeaattate a comiiderable increase in strength 
of oegtain members. 

The ratio Ijotween the forces on the front 
spar to the forces on the rear in the sumo wing 
is given roughly by a kn«wle<lge of the position 
of the centre of pressure on that wing. For 
low angles ^>f attack of the wings — that is, 
for high speeds in normal Hight— the centre 
of pressure is usually in the neighbourh<K>d 
of the rear spar, while for high angles of 
attack it shifts to the vicinity of the frtint 
spar. • 

Those remarks only apjily to forces normal 
to the wings. Usually this is all that need 
be considered, as the efTe<‘t of the longi- 
tudinal force that is the component of the 
air forces tangential to the chord may Ik? 
neglected. In the case, lu)wevcr, of a vertical 
nose-dive to earth at the terminal s|H?cd t*f 
flight, the normal force hecomes small and the 
longitudinal force is then all important. 

§(5) The Steps IN the Method OFCAi.rrLAT- 
INO iStukssks. — T o calculute th-* stress distrihn- 
kion in such a framework us a wing structure is 
a matter of considerahle difficulty. The final | 
calculation, in fact, can only he worke<l up to j 
in stages. Many momhers (tf the structure i 
arc rerlundant; that is to say. they can he j 
removed without the frame heconiing non- 1 
rigid as fur as the action of the forces under i 
investigation are concenicd. 'J’lu' strcHsea in ! 
redundant rnemhers unfortunately cannot he 
found witlumt a complete knowledge of the , 
dcsigu of these mom laws. Since, however, 
the ohjCK’t of the investigation is to funiish j 
us with sulficient inf(»rmation to enable us to , 
cailculate the sizes of the parts, wo must i 
resort to a method whereby an approximate 
calculation upon a non-rf“dimdant frame wdll j 
give enough information to enable thew; ymrts j 
b> Iw approximately designed. Having then 
a dtrueture of known dimensions we can in- I 
troiluoe the redundancies, and by successive j 
approximations arrive at an ac’curate estimate j 
of the stress distribution. In the wings the i 
principal rerhindancies are the incidence wires 
and the continuity of the spars at the junctions 
with the gap struts. 

§ (fl) AppRyxiMATE Estimate of Forces 
vs VViNO Members. — The first step in the 
caleularion must he to constnict a simple lino 
diagram of the frame with all redundancies 
removed. Thus we may remove the incidence 
wires and suppose that instead of the spars 
being continuous they are pin-jointed to the 
gap struts forming a simple pin-jointed frame. 
Neglecting the longitudinal forces on the wings j 
and also the stagger, wo can suppose the j 
whole of the load to be taken up by the I 
frppt and rear girders alift^y 
amount home by each will depend . roughly 
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ttpon|ihe ^losition oP the centre of pressure 
on wing. One- half of such a girder 

is shown dlagramraatically in Fn/. 3. The 
loads, acting on the' overhangs ED and KH, 



j in this case of 27 Ihs. and 48 Ihs., may bo 
j suppoHdl to act at D and H respectively, and 
, the loiul on any span sucli as C’B may be 
! reganletl as acting half at (3 and the other 
half at B. Treating the structure os a jiin- 
jointed frame the ilircct forces in the meinlKjrs 
: can he found by simplivresolurion or by Bow’s 
method, ^'he magnitude and nature of those 
are given in Fuj. 4, where the minus sign 
indii'atc.s compression, and from a knowlwlge 
of these the (rap struts and bracing wiressoan 
at once be designed, 

Ik'foro the spars can be designeil, however, 
it is necesHary to determine the bending 

lb*. tb». > Ibt, Ibi. 

108-^239 239 + 306 308 + 396 ^96 + 308 



C P120lb*. 

“B -57601b*. ' 

\ 

X 1 

i 

c, 

X 1 

K - 

2781b*. * ■ 

(5 21201b*. * 1 


192+359 359+359 359+350 

lb*. lb*. lb*. 

Uachin* Wt rr-motb*. 

Oou/nload (lu» to Aoc0l*ratlon'^ 4 x lOOOIbt, 

Fio. 4. 

moments they are called upon fr) withstand. 
For this purpose we will require a few beam 
theorems, which will now be discussed, 
i § (7) Fundamental Equation used in Beam 
Theory. — H is desirable to extend the 
ordinary beam formulae to the case of small 
dcflecti<ins of straight he^rns under end 
thrust as well as under lateral load. Attention 
will be confined to flexure in the plane of 
symmetry of the beitm, in w4»ich plane the 
lateral load w-ill be supposed to act. 

Let the axes of reference be OX, OY 
{Fig. 5), where OX is along the axis of 
the unloaded* beam^and Ox at right angles 
to it. • * 

The following syrnb^ yrili be used with reference 
to an element of the beam of length dz, deflections 
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tnd foroot bcdng poiiitivo wHfcn acting a« in Ftgu. 5, 0, 
Alid 7 : V 

3;»fttwo4iMa in iiichra of any dcction of the b^^am 
meaaured from OV, 

y (Inth'ction in inclie^i of the neutral uxw of 
that Moction ineu'<ur(ni vertically uijward* 
from OX. 

<f«w3loj>o of IxMun m radiarw 
tt'wtutoral h>a(l in llm. jkt inch run 
F ««c»nd tiiruat m iha. 

•wforw normal to a cr()NM-H<>ction at x taken 
|)arali(il to OV. 

/—•hoar in Iba. aertwa Ohm 8<^’tion 
f »»tbruMt in Ihtj. nurtnai to a cro«M Mi'rtion at x 
when jwrjiondioular t<j longitudinal neutral 
axiti, 

— K approximately. 
iS»«Mhear in ll»». ni^roiM thiH Heeti(*n 
M — lMMuling moment in Ih. inches on 
h'c\ 


Hence since 

S -/ cos 0 - F sin 0 




d*M 




. ( 3 ) 


By finding tlic extension or compression of 
elementary layers of the beam taken parallel to 



E( -flexural rigidity of heam at r III ilm < h(|, 
inohcH. 

A -area i>f la'am in Hipiarti ineheH at x 

K — radiuN of curvature of neutral axis iti mehe.M. 

r 

Iho foret'H and inoriienlM nidu ahsl m IIk' diagraniH 
arc •‘xertiHl by the rest of the I, cam upon the ele- 
nitmt urulcr conuMleration. 


tlio rieulial plane, and usHuming that piano sec- 
tions leinam pl.ine, we liiid on integrating that 



- ftpproxmiately, . (4) 



It can easily be shown that ; 

(1) From Fig. <1, liy iwsolving forces on the 
element vertically. 


* 


Jf 

(ix 


. ( 1 ) 



(2) From Fig. 7, b^r taking moments 
about P, ^ “ 

rfM • . 




( 2 ) 


since FI A IS small compared with K, and the 
curvature, approximately d'yjilx'^, is negative 
w'hen the luoinent tends to make the beam 
convex iipwanls. 

! The easemr of the theory of the tlexure of 
fleams is eontamed in thesr* three eipiutions, 
and nothing mote than these will be utjljst‘d 
I in the present development of the work. The 
I most i-onvenient form of dillerential e»iuatioii 
for the rlefleetiun // of the U*am is obtained 
I diri'etly by inserting the expression found for 
j M in (4) into (.H|uation (.'1), thus obtaining 




fre. 0, 


( 6 ) 


or, since for the present we need only confine 
our attention to those cases where F and El 
are constant, 




(6) 


It will be noticed tliat the equation is of 
the fourth order, whereas it is»usually given 
in the second ortler. The former can be 
obtained from the latUir by differentiating 
twice, but ciiuation (6) is in a form most 
suitable for directly inserting any type of end 
condition. 

The solution of (6), when w represonta 
uniform lateral loading, is ^ 

y - A sin Xx + B cos \x -I- Cx + D » (7) • 

where 


( 
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Mid A, B, C, and D can bn detertnine<l if four 
conditions at the ends are known. This 
solution can easily be verifi<*d by diffcrentiathm 
and by> substitution in (0). 

§ (8) Theohkm of Three Moments.’-— S up- 
|K»8c ABC {Fig. 8) to represent a part of a 
loaded beam nesting on a ntimlHT of supports 


vihero ; 


Y 



^ ELVF..W, 



-wer— — 


{do 

\ 

t_ i 


a X j 


W. 




r/, 


d, d, ^ 1 


30 

VEl,' 

. . (») 

. ’'V/ 

. <10) 




..J.. I 

.sin I 


Mj -Mj CO.S 
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of Mhif'h three are induated (A, B, and C). 

It will Ik' justifiable to diseuss the efTeet of 
the l•)adinJ^ by ((autMti.itmg .ittention on any | 
portion of the beam piovided the cdTeet of the ' 
remainder of th<i la'ani on that portion i.s re 
plaecal by an o(iuhnlt“nt shear and ianding , 
moment at the (mkIs of the p<ation <-on«idered. ’ 
It is proposal accoidniLdy to find tlie efl^Tts of j 
loading a. series of separaU* laanis AH, HC, ' 
etc., a.Hsumed initi.illy unconnected, and then 
to make them' continuous by tiie introdiution i 
of the H'quisite end eonditutiiH. i 

Let Ell llcxural riizi<lities, I 

F, and the end tluust'^, /, and L the leneths, * 
and tCj and u\^ the lateral loading of the two 
bays AB and BC resj)ecti\ ('ly, J.et dp 
and dj be the deflections, and M„, M,, 
and the bending moments at A, B, and C 
resjKHdlvely. i 

Along Hi’ we have fr(»m (7) j 

t/a=»U 2 Hin \gZ t V '2 cos \^t f WV < 1 * 2 - * (^) 

, , F. 


0 


V(1 (12) 


Now the bIojk) (* at B when' a;-0 in the 
beam BC, is 


"' Cl:')...,, 


where 


FI, 


and where U„ V , ete.. are to Is' d('termined 
from the end conditions. 

Using M - - EI(d’'y/d.r®) and the values for 
the deflections and l>ending moments at B 
and C, whore a* " 0 ami x - In rcsjx'ctively, wo 
obtain, when these supjmrts are simple 
supports, i.e. do not exert a moment on the 
beam, 

B I Ml .7 X * 

f w l * 

At I ^ ^ J *Pt ^ 2^3 ^ Fj - 2P*^ * 

^ I ^ ^ iv • 

’ Import to Advisory Cominlltio for AeronautTcs, 
K aiR M. 364, ••Critical Loading of Struts and 
Structures,” Part I., by W. L. Cowley and H. 1-cvy. 
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*IKJ, 


MA/. 

■''O’' 

M*/. 

( -1 
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KI 2 V 

tan 

FA, 

\sin 02 

/ 0 «* 

d, d, 
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«j//rtan0j/2 " 

2 KI 2 L 03/2 

U'- ■ 

(K^) 

Similarly the shipe at B 

where x~l. in the 

bay AB IS 





. Mo/,/ 

01 , \ 1 

M,/, 

(l 

\ 1 

Ki, 'sm</^, V 0 i“ 

ET, 

\ tan 01 

/ 0 ,“ 


I _d„ d, «V,»rtan0,/2 711 

i /x /i ‘iFlxL 

j Equating these two quantities w'o obtain 

MoAi + M,(B,cB,) + M,A, 

where A=. j|f 1) = gl • «, 

'iElA. «/2 
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The qu»ntltuyi a, fi, and y are (Aven in 

Table I. for various values of 0 when F^is 
potdiivis t.6, F reprcHonte a coinprosinon. 
When F is negative, ».«. F reproaonts u tension, 
these quuntitU'H are written ns a', ji*, and y* 
in the table. (Jonf^rally we may write foi the 
rth and (r 4- l)th bays 

Mf.|Af I Mr(Kr4-Br(i) ^ i^r 1 1 


etc., and the values for the bending momonti 
at the supports as already evaluated. 

In Table I., near tp -.r. 


I 



Hr-i 

Ir 



df>i 

lr\ 


K, 


K%,t. (Irt) 


This [)rovi«les an equation between the 
three bonding inornentH at three neigh Ixuiring 




where <p ir fl. 

§ (0) Rkai’Tion at 'fiiK Sr pro RTS. -Consider 
{Fig. 9) an element of the l>eani at a supp<jrt. 


Table I 






r 



1 iS.j 






i 

Ihi 

1 “ 

^ 0 

•0 a 

1 

Cl 

•o-ci 

1 

3 

”3 o' 

3 

1 

*-•1^ 

II 



-ii) 


’-•I'b. 

• 

d 

CCL 



ca 


•0 

•107 

•333 

•0833 

•107 

•:m 

•0833 

.3 

•167 

•330 

080 

105 

•331 

•0826 

•0 

•17r. 

•343 

088 

•too 

•325 

0805 


•I8U« 

•:r)2 

•(MU 

l.')2 

•317 

•0774 

•12 

•200 

•,'107 

007 

142 

.305 

07.30 

Ifi 

•222 

•2iir» 

•KM) 

131 

203 

0070 

1‘8 

•201 

•430 

•125 

120 

•278 

(H134 

21 

•323 

•TiOl 

•M8 

•108 

204 

0581 

2-4 

144 

•030 

•107 

007 

250 

•0531 

2-7 

•7U 

•035 1 

•310 

0872 ’ 

•237 

•0481 

3 0 



•843 

0777 ! 

224 

(mi 

3-3 



- *770 

0600 1 

•213 

0401 

30 

- -081 

~ 48-1 

- -202 

0620 ; 

•201 

•0300 

3-0 

- -440 

- -200 

•153 

05.5:t I 

•101 

03,33 

4 2 

- -331 

- 075 i 

- 100 

0405 

181 

•0305 

4fS 

-278 

•000 1 

- 071 

•0444 1 

■173 

•0278 

4H 

■2.')2 

f -(MW 

-060 

•0390 1 

165 

•025)1 

1 

■2.'>0 

-fll5 1 

- 051 

•0360 

•157 

■023,t 


simple Bupporta in terms of the lateral loadings, 
lengths, flexural rigidities and end thrusts of 
the two contiguous b^ivs, and the detleetions 
at the supports. When these quantities arc 
known it is a simple matter to ilotermme the 
bending moments at all the supptwts of seeli 
a continuous beam if the lH*n<Ung moments at 
two, usually the end siqiports. he known ; for 
by w’titing tioMf'n the Situation of three moments 
for each set of thret^ eonseeutive supports, 
sufficient simple linear donations are obtained 
to determine the requirt'd quantities. 

The Ix'ndinlt moment \ at inf^ermediate points 
along the bays oas* th^n lie found at once by 
differentiating equation (HI twice, and multi- 
plying by - El, inserting the values for 
U V W, at.d P given in ^uations (9), (10), 


l.A't/t Ije the vertical shear to the left of this 
element and /,, that to the right, yfneo this 
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Taking for example support B (Fig. 8), then 
from (2) 

, /r = S + F.|. - . . (18) 

lirhen x ia put ec^ua) t<> zero for the second 
bay BC. 


Now 


</»v 


El, 


djr*' 


.•./, = El.fj;.F4» . . (19) 

when x~0. From (19) jiaing (8) at x — O, 

^ { M. - M, + - F.(,/, - (I,)}. (20) 

Similarly for the bay AB 


OP 




87 


Thu^ equation it be noticed is in* 

d'>p 4 Uident of tho modulus of tlie ort>fl8'8et‘li«»n 
of the bcam» whereas (16) is not To evaluate 
tho bending moments at the supjmrU, this 
e«iuation must Ik? u.-khI on every net of three 
coufHKMitive 8upp<.n*ts, such as IK'B, t'BA, 
BAB' and H(JF, Fig. 3. In the caw' of HU]>i>ort 
B for tho npjxT spar and B and F for tho 
lower, tho Itemling nioinenta are known and 
tH|iial to 162 and 576 lb. in. ami 7.em 
reMjK'ctlvcly. 'Solving the three equations for 
the upjK'r spar and n'lnembering that tho 
bending moment at B'. tho stippirt on tho 
other Imlf of tho gini<‘r syinmetrienlly plaeed 
with r<‘HjK‘ct to if, IS »Hju)d to the l>ending 
moment at B, we got 

4620 Ih. in. 

M„-=.W:U) .. 


''’'^■*-F,(,/.-rf,)J,( 21 ) 

giving 

R, = -,'lM.-M.-F.(rf„ rf,)| t"','/* 

*I 

+ ,^{M. - M, - K,(<(, -</.)!+ (22) 

But originally {Fig. 4) tho reaction was taken 
as ifiCj/, f-i/V,), and thus one efTcot of the 
continuity of the spur, etc., is to increase tlie 
upload at the joints by an amount given by 

h i^\h ^ " ^^2 “ 

-<(.)}. (23) 

§ (10) Ai’Pboxlmatk Calculation of Bf.nd- 
INO Moment Diagram and Design of .Spars. 
— obtain the approximate dimensions of tho 
spars it will be necessary in the first place to 
neglect the effect of end thrust and treat each 
spar separately as a continuous beam. The 
points of 8UpiK)rt of the beam are the points 
of attachment to the gap struts and crriss- 
braclng.^ The bending moments at tho 
supports can immediately be found by using 
the form of the equation <if three moments 
for zero end thrust. This is obtained from 
equation (16) by making (f> limit to zero giving 

Mr.,lr + 2lir{lr f f..i) + 

+ (24) 

* Usually the liniWHof action of the forces In the 
♦wires do not meet the neutral axis of the beam at the 
lunction of the stmts with that axis. This iatrodiues 
offset moments, ami lor a full dlseuiwlon of the effect 
of these, reference should b^ihde to B. A SH No 
83, ti the Aeronautical Adviaocy Committee Report, 
m2-13. 


Mr 3790 „ „ 

The licnding moments at other points along 

tho spurs e^n ho f«>uiul hy constructing tho 
l)eiKling moment iliagrams. Tlu'so nr© oli- 
tainc(l first by constructing the parnlndio 
Is'iiding moment diugnims for each bay 
etc., on the assumption that they Ri'c beams 

simply supported at tho ends. If then 

oixlinaU's In' raise<l at the supi>orls equal in 
magnitude to the liending moments there and 
connected by straig' t lines os in Fig. 10, 



K H Q F 

B.M. Diagram for Lower Spar 

FlO. 10 


the bending moment at any jxisition along 
the spar* will be the differtnioe l)etween this 
and the parabolic diagram. Fig. 10 represents 
the l)cnding moment diagrams for lK>th the 
upper and the lower spars for F ig. 3. 

From the knowledge of t he bonding raoraentff 
calculated as above, it is now possible to 
estimate approximately^ the sizi^uf the cross- 
sections of the sxmrs. 

§ (H) Eftbot of End Thrust upon Bend- 
ing Moments. — ^Now that tho dimensions of 
the spars are appitjximately* determined it 
is pcKisible to fnake a mqre accurate calcula- 
tion of the bcndinif moments. The non- 
dimensional quantity 0 can now be oslcnlated 
and equation (^6) utilised. 1|hui equation 
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when written In it-s convenient f|rra i«, 
for ft uuiff>rra spar, • 


f Mrilffir f ^ra/^Ptl) i®r.l 


Er( 




t/’r/r® 

+ 7r f 


1 3 


lr,tf 

. ( 2 :,) 


The method of detorininin;' the dofloctiona d^, 
etc., will he ^iven in a later neetion. 

At interrn(5<liaU‘ poinU ulotijf the hays 
the iKHidiny moment in ohtuinod from 
M - - Kld'^if/ilx* \vhe»c // has the form ^ven 
In iMj^uation (M). Umnij; thin after tin* lieiidmg 
rnoraentH at tlu* HU[)portH have been < aleidato<l 
by W{UationH (2r)), a more aecnrate bending 
moment <Uagram for tlua design ean bo 
constructed. 'Phis diagram to all praetieal 
purposes is siiHieienlly aeeurato for the final 
oalculationM. ft will indicate when* the 
original approximate design ean be improved, 
ami the modifications if made ftiay l>e re- 
garded as too small to alTect the liending 
moment dl.\gram ar\y fiiither. 

Correction for the efTeet of tlio eontinuitv of 
the spar upon thedireid forces in the members 
of the struetiin? ean be made by using eipiation 
(23). In the case of a calculation on the girder 
in Fig. 3, the nlteratior^ in direct forces was 
found ^o bo appruximaU'ly that given in Fig. 11, 



(m -r r>5) ib*. at 20 + m} ib$. 

Fio. iJ. 


where the ligures - {278-f-rM) lbs. indicate that 
the mem her is in a state of eomjnession of 
magnitude 27S Iks. iu the ca.se of the pin- 
jointed strueture, and (278 4 o5) lbs. when the 
B]Hirs aro taken os continuous. 

§ (12) Strics.s i>itk to Beniuno of Spars in 
PtiANE OF ^VI^^O. — The ofTeot of lieuding in tlio 
piano of the wing can Ik> considered apart from 
the bending normal to the planes when there 
ia no stagger, and when the effects of the 
incidence wires are neglected. In this case 
the most adverse tyjx? of loading is obtained 
when the mii^'hine is lioae-diving to earth at 
the terminal Bpoe<i of flight. The total 
longitudinal force on the wings will then be 
equal to the ^total weight of the machine 
1«» the resistance of tHe body, and may be 
divided between tke rings in the ratio of 
their lengths after the revustanoe of the body, 
etc., has been subtracieil. 

!Pbe stmctArc in the plane r>f the wing, that 


is the girder formed by the front and rekr span 
in the wing, the ribs and cross-bracing, is rather 
complicated for analysis, but a good enough 
approximation can bo made W’hich will gnsw'er 
practical purposes. The spars, Fig. 2, may 
1)0 supposed simply supfwirted at tlie positions 
of tho gap struts, ABC, etc., and also where 
tho cross- bracing (drag wires) arc attached 
as at a, 6, etc, Tho ril).s connecting the rear 
and front spars may I’C assumed so close 
together that the dcHixtion of any position 
of the front spar may be supposed the some 
03 tho ileHordion of the corresponding point 
on the rear sj)ar ieimediately behind it. 
The two nils may now^ be regarded as con- 
.Htituting together a ermtinuous beam, the 
lengths of the buys of which arc the some 
U.S those in tlie s])ai‘s. Tlie moment of inertia 
of tho continuous beam will lx* the sum of 
the moments on ineitia of tho rear and front 
spans, and the thrinst in any one liay the 
algebraic sum of the thrusts in tlie two 
coiT('Mponding jiort'ons of the spars. The 
direct forces in tho various members can be 
found fry simple resolution of forces (Bow’s 
uu'thod) us in tiie ])rovious ease. I'o do tliis, it 
is (!on\emont to assume that the front spar 
takes all the apj)licd load. Any error in this 
assumption will mily afTect tlie forces in the 
ribs, BB', etc., and therebue tho question need 
only 1)0 discussed when designing these ribs. 

In raileulaling the dimensions of tlio spars by 
this method it will bo seen that we only deter- 
mine the sum of the moments of inertia of tho 
rear and front spars. Tlu' wuiy this is divided 
between the two w ill depemd on tlie sha })0 of the 
section ; the fact that the two spars are made 
to deflect togetiier excludes tho possibility of 
determining the division directly. 

^ (13) Dk-siun of the Rib.s. — A rib may be 
regarded as an overhanging beam simply 
supported .at the wung spars, loaded normally 
over tho whole length and under compression 
betw’een the supports. The total normal ‘load 
is determined by tho total normal force upon 
that portion of the wing, cut off by tho two 
planes bisecting the spaces l)etween tho rib 
and its two neighbours. The law of distribu- 
tion of force along tho rib can be found from 
pressure plotting experiments carried out iu a 
wind channel upon a model of ^he aerofoil. 

The thrust in the portion of the ribs between 
the spars is extremely difficult to calculate. 
An approxiiUwte figure, however, may bo found 
by supposing that tho liending of tho rear spar 
in the piano of the wing is brought about by 
tho tensions and compressions in tho ribs, 
tho front and rear spars being assumed to 
bend by the same amount. The maximum, 
compression in the ribs found by this calcula') 
tion gives a rouglj^ figure which, together with 
the lateral load, should enable us to deoign 
these members. 
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§ (14) Diesion of Struts.' — O n account .*f 
the noceasity of keeping the dead weight 
of condtruction and the aerodynamic head 
reeiaittnce as low as possible, it is often advis- 
able to use struts which arc n<d uniform in 
cross-section. The gap struts, for example, aro 
usually ma<lo to tajx'r off towards the ciuls, 
so that for the same strength both the head 
resistance and the weight are less than those 
of a unihirm strut. In practice the draughts- I 
man meets with two distinct tyiM‘s of probiems, 
one to design a strut <»f a giv(‘n strength 
hut of minimuni weight, and the other to 
calculate the strength* of a given strut not 
uniform throughout its length. The first 
problem has l)een s<dved by Messrs. Barling 
and Webb, and reference should be made to 
their llejiort to the Advisory Committee for 
Aeronautics, K. & .M. .‘143. 

The second problem arises when the 
requirements of the strut arc not <lefinitely 
known or aie too conipheattd to receive 
mathematical interpretation, and when the 
general outline can lie settled by experience 
or is fixed by other consuhaMtions. 

In the general problem of the crippling of a 
strut of any given law of variation in llcxural 
rigidity, tbe equation to be solved is, putting 
w — 0 and F constant in (5), 

i . . (26) 

where I is some given function of x. 

In the drawing ollioe the law of moment of 
inertia will not generally be H[)ecitied by 
means of an analytic expression, but rather 
in the more convenient form of a eiirve. The 
method of solution thcrcfoie most suitable | 
for such comlitions will evidently be one ■ 
depending on graphieal nutbods of intc*gration. | 

Without cnU-rinR into any pr(K»f of the matter ! 
the solution of the given equation may U- written j 


M»A 


Fj'rfx f 

•'0 -0 

F* [ t/-r/ 
Jo Jt 


dx 

El 


+ B 




'^xdz 

El 


dx 

El" 






-f-F* 


where A and B are arbitrary constants and the terms 
in the two infinite scries are each two integrations 
higher than the preceding one according to a simple 
law. 

We may write thS 

M*AU(x) + BV(x). . ; . (28) 

VReport to Advisory Oonfllilttee for Aeronautics, 
R. * M. 484. “t'ritleal Loading of Strufa and 
Structures," Part IV., by W. L. Cowley and H. Levy. 


A and’B are to bo obtained from the end conditions, 

. . (29) 


«0, M- 


Mo) 

M,f' 


whore the origin of eo- ordinates is now taken at the 
end of the strut llenoe 




Ar(0)-|BV(0)\ 
•A\V) ^ BV(/)f 


(30) 


When thes>- •qunuoiT^ an* solvcii for A and B, it is 
seen that they h iw the comniou denominator 


r(d)V(/)-V(o)B(0. 


(31) 


(‘rippling will occur when the Itending moments be- 
come large in eornparisoii aith Mq and Mi, and this 
demands that the ahovc expression should vanish. 
Hem*o 

r(0)V(/)-V(d)F(/)-0. . . (32) 

But from the expressions for U and V it is clear that 

V (( l )=^0 

Hence the (jpndition for crippling becomes 

V(0’‘» (33) 

Vf/X 

K. 


I-fI dxl 
Jo • ( 

•4F»| dx 


r'^^Tdxf"^ 

'o Jo 


xdx 

El 


f, etc. (.34) 


This is an cquatic'i containing an infinite 
numfier of terms as an equation to solve for 
F the crippling force. 

But the formula is not nearly so formidable 
as at first sight appears. 

In the first place, each of thi' terms in this 
expression can be obtained with great rapidity 
by a simple proccs.s involving ntitbing more 
than the use of an ordinary iilunimoter, or 
the integration of a curve i>y tbo moan 
ordinate method. In the second place, it 
can ]»e jiroved that the series is so rapidly 
conver/ent that no more than the first few 
terms, fnH|ncntly no more in fact than the 
terms actually given above, need bo treated, 
and the eipiation may he considererl as a 
quadratic in F, the lowest root lieing taken, 

A first cln*ck on the validity of this senes may bo 
made l>y evaluating the expression for the case of a 
unifonn stmt, where Ki is constant. Tho series then 
becomes 




F/s 
'El ' 

0 


% 

EH 


xdx, etc., 


03 05 

3! V! ■ 


after multiplying by where 

* sin 0—O, 

».«. 0«Tr, 0-0 nefc being a soIotionT 
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Kor lunviMiicncf* jn tarryiMg through tin* A and B in the cxproHsion for M the solution of the 


ifiU'gmlKin it IK to throw' tin* wriea obtaineii 

into ft non-(lirnenKional form. This may lie done 
hy traruifortntn^ it t>y the Hutistitution 


differential equation, at 


ar-O, M-Mo, 



If, Imnf^ the riiomt nt of iiicrlia at one end, 
and writing 



when wo ohtmn 


lit 




I i/M 
2’ (lx 


- 0. 


If thiH he done theoondition for cnppling then takes 
till- form 





The non-dinieiiHioiiftl qilunlity 0'’ ts lalh'd the I'lans 
variuhlo and it will Ik* iioli'd that our Koliitioii ih a 
ftitupie power Henen iii 

Tilo grujihieul proeesH in equation ('{5) ih 
extieinely wimple. 'J’lu* eiirve f««‘ X/R is 
plotted for the range \ 0 to \ 1 , the 

whole h'ligtli of the Mtint, and the \alue of 
thi^integial ohtiuned giapliieally, hy inetins (»f 
a planirneter or hy mean oohnates, ran then he 


, / ^xdx I Klx , j ^ air 


The integration now extends over half the 
length of the strut, and eaeh eocflieient is one 
integration h'.ss than in the nsy^inrnetneal 
case. 

As hefore, if wo throw the Kories into the non- 
iliiuenMioiuil furin hy wilting 



I -loH. 


plotted. This determines whieh 

is oneo more integrated Jjir the range 0 to 1 , 
and pl^Hteil. 'I'lie value of the oidinate at 
X^- 1 determines tlu' hist eoetluient, \i/ 

/ <iX I (/X/K. Maeh oidinate of the last 
•^0 •'o 

ourvois then multiplied hy 1 /K and integrated 
twieo as before, and the value of the limit 
ordinate at X I ileternunes the eoellieient of 


It reiluces to 


02 


Ff-’ 

ki7 


‘■ft ■■ ^ 


'XdX 

It 


I j -^XdX 

' K.l 'R 


0 *, In some ensi's it might ho found neei^ssary 
to prooml to lngh(>r ti'inis, hut if iieeessaiy 
this may Im done witli eipial laindily hy 
nuiltiiilying hy 1 /U ami intogiatmu twiee. 
Aft<T a lit til* pimtiee it wit! he found that 
by this ptueess, a|)parentlv < onqilieated, the 
fitn'ngth of a strut can he ealeuinted in ubIioiI 
time. The final equatii'ii ohtaineil is in the 
form 

1 U02 t /;0' ... 0, 

which, when aolvtd for 0 * and the lowest 
positive riHit W'liM-ted, gives the value of 
K/VKIo, "bieh lorresponds to the orippliug 
load. 

The foregoing provides what is in practice 
a rapid yet gfTeetive <;nethod of estimating 
the crippling load for a strut of any given 
shafHi. In aeronautical applications, however, 
struts an* invariably symmetrical about a 
plane periiendKular to^ the axis and the 
work consiHiuently^ may lie* considerably 
simplified. ‘ 

The eymmetry may lK*iiitn>diU'fd quite early by 
using as the cud Conditions to dcto|(nino the constants 


As an illustration of the application of 
this meth(>d, consider the strut given in 
Table Jl , which also eontama the whole 
of the eulcnlalions required to efTeot a 
solution. 

A little explanation may be necessary i, for 
this table. 'I'lie lirst thiee (•('lunms are of 
course derived from the dimensions of the 
given stud, while lolunin l\. is obtained by 
till* direct integration of the graph of column 
HI. The coetlii lent of 0 ^ in the st'ries is thus 
1/4 x''-7o7. For graphical convenience column 
y. is iiitroduetal where (he ma.ximum ordinate 
in IV. is replaced by unity, all the other 
inemliers being divided by -ioT. This means 
that in the next integration the factor -757 
must Ih* introdneetl, 

Folumn VH. is likewise derived from 
column VI. by multiplying each terra by the 
corrt'sponding value of 1/R niid reducing the 
maximum orrlinate once « more to unity. 
This again introduces another factor. The 
coefficients of the^ terms that thus enter into 
the aeries are alw a\i>- found at the ht^ad of 
oolumns under the integral sign. 
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Table II 


r 






A 

h 

B 


1 




X. 

l/It. 

X/ll. 

iXdX 

1 R ■ 

(Previous 

(’olumn 

reduced). 

- 1 .\dX, 

(reduced). 

jrdX. 

I !>• 


£. 

EdX. 

1 

1 OIK) 

1 

•737 

1 

4.30 

10 

-.39 \ 

1 0 

■310 

10 

•300 

■9 

1 01. •> 

911 

•602 

•873 

360 

-81 

•300 

1 -778 

•227 

•741 

•217 

-8 

1 002 

8.-)0 

•573 

70 

•280 

-001 

J3,3 

i .398 

•100 

348 

•1.36 

•7 

1 1,30 

80.3 

•492 

6,3 

•LM2 

•542 

iro 

•448 

•no 

408 

no 

•6 

1 292 

•77.3 

•414 

•348 

•1.33 

•44 

128 

320 

071 

29.3 

•075 

■5 

1 .HS 

7.38 

-.337 

■445 

•103 

3.33 

088 

224 

•043 

•219 

0.30 

•4 

1 878 

•731 

201 

34.3 

•I.Kili 

•270 

0.38 

■148 

•020 

•137 

•030 

-.3 

2 .300 

730 

isf 

•247 

030 

•2(K» 

032 

I 081 

013 

10.3 

•017 

•2 

3 7(K) 

1 ' 

•in 

•147 

1 010 

•133 , 

015 

038 

•IHH{ i 

071 

(K)8 


6 ■)() 

1 03 i 

042 I 

030 

oot 

•0,38 ! 

tK)t 

■010 

002 ! 

042 

003 

! 0 : 

1-60 ; 

1 » 1 

0 1 

0 

0 

0 ' 

0 

0 1 

0 1 

9 ! 

0 

L':l 

It. 

1 Ml. i 

IV. ' 

V. 

VI. 

VII. ^ 

‘ MM. 

i\. 

’ 1 

1 

XTl. 

Hi 

nee, the cooflieient of 



and tin' 

law of 

\ aiiatmn of moment ol 

' inertia 







of cross-sei'tioii 

sziven hv 




- } 

X -7.37 


^•189 








H;li) 

> 7.37 

< 45 X -31)3 IK)S.37 



1 /, 




0“ 

-.1/04 

X -7.37 

X 4.3 ; -.39 

1 X -300- (MHn9l.3. 



1. (' 

f/V 




Till' equation to be solved is eonsoquontly 
I - -I ~ 

Negloetirifz the term in 0* and aolviiif? as a 
quadratic this gives 

<f>^ - 8'0 approximately. 

To determine a closer approximation to the 
root, lot 

02 8 () 4 \. 

Inserting this in the equation and neglecting 
higher po Wei’s of \ than the first, we find 

I - 180(8 C f \) t- 00837(8 f 17-2X) 

-■00019(8’(;® t 3 x8’02\) 0, 
i.r, ^ X- -140, 

so that (ft- -1 '2 apiiroximutely, 
giving as the crippling load 

' - (2 • 

For comparison and as a check on the result 
we can evaluate for the elliptical stmt, which 
Is the same as the above, yiven in the next 
seoti(>n and having the value' r - Tliis gives 
02 - 7 - 23 . 

§ (15) Strut of Minimum Weight. — Space 
does not allow us to enter into the analysis 
of Messrs. Barling and Webb on this subject, 
but for the purpos^ of designers the following 
Solution is given to a class of stmt* one of 
which differs very little fre^ the soliil stnjt of 
minknum weight found by These authors. The 
strut is supposed homogeneous throughout. 


where L is the iiKuoent of inertia of tile 
nud-rteclioii, I that (»f a .section ili-stance x from 
1„. and 1/2 .1 ( onstant. 

The cripphne: load i.s given by 




where 


1 h 




„ moment of inerti a at end j 
^ moinent of inertia at centre 


. (38) 


‘4rt2’ 


I Ixing the length of the strut. 

The strut gncii hy r* 0-0.3 has, for equal 
thm.-tM. practically the minimum head resist- 
ance ai d minimum weight of this set, and 
agrees in form very nearly Ui that of miriinnirn 
weight already nu-ntioned. 

For this value of r 


1'72 

KIo 


' 14. 


§ ( irqCRipPMVo OF A (’fj.sTiMJous IIkam.-— A nother 
jirohlem of interest w the crippling of a continuous 
beam under eml thrust that ih a strut sinq.ly suj)- 
ported not f>nly at its eixJs but also at vanous inter- 
mediate pfiints. This prolAem oeeunkin tin- cam; of 
Uu* buckling of the wing spars in the plane of the 
wings and also the buckling of tlie longerons of the 
fuael^. 1. 2, etc., represent the BUpi>orts of 

a strut so loaded that thi^thnisls ini the bays 01, 12, 
etc., arc F,. Fj. etu , and the laU-ral loa<ls icp ic,. etc. 

the lengths and flexural Hgidities of these bays 
be /„ etc., and “Ejlg, etc., and supijoso the 
deflections of each Hupp<ji^ with respect to tlie 
line joining the nei4;hbouring two, add the bending 
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momcnfH tU thr Hupfuirtu 0, /, oto , fo Ite SjFS 2 , , 
and Mj, Mj, oto., nwjxtotivoly im in 12. Applyfjg 


rhru$t 

f^ltxural 

R/Uhllly 

Ltngth 

Suftf>ort 

fH/Itt tion 

B.¥. 


F, 

E,l, 


E2I2 

/a 


fb 


3, 

M, 


n-i 


Fio. 12 


tljo o(|Uii(n>ti of three niotiietits to ev'ory pair of 
ooiili^riioii't hfiys we ohtiiiii tho following ByMtoin • 


MuA, I M,([ti I llj) ( M,A, 

'0 <" 

MiAj, I M 2 (lla I 15 .) 

<A)- 


i K3). 


I MaA3 


• ‘ ^Vi). 


M, jA, I .Mr(llr 

-'Gs;,.) 

*Mx ,A„ I ^ W„ 


(Kr I Kf, |K . 




Chtj) I 


(•«V) 


AAstj/Hption that the curvature of the beam 
may Ik! written apjtroxinuitcly as YA(d^yldx*) 
only when the dcHi’ctions are small. Now 
when the thrust in a strut is small* this is 
a good approximation, hut ns this thrust 
inereatwH, the error increases slowly at first 
and tium more rapidly until at the critical 
loa<l the (h'fiections and bending moments 
although in practice finite become infinite 
according to tlu' theory. I'licre is no necessity 
fo carrj' through (‘laborate experimental work 
to (rrove this s«‘lf-evident fact. The simple 
intcrjrn-tatioii of this state of affairs is that 
cipiaiion (1(5) may always l>e used in practice 
when the thrust is reasonably below the 
critical. W'hen this e<iiiation bi'cemcs seriously 
111 error-, we are so near the critical that wo 
may n-gaid the detlections and bending 
moriuaits as luing far too large for safety. 
'I'his upper limit to safety is given by Euler’s 
j formula in the case of a uniform strut, and 
1 by the detA'rminant in the case of the con- 
tinuous beam now lu'ing discussed. 

Writing the value of this determinant for 
the case of hays .Nos. 1, 2, etc., as Ap Aj, 
et( , we obtain : 


idb. I t b,d • M„A« 

(K„ 1 •!<,.), (:ip„ 


(Ih f 1^2^! 
(H, 1 H,)A2 

( 1^3 ^4)^3 

(H4 ^ IMA4- 


Aj^Ai 

A4‘*A3 


--*^1 
Ao 
-A3 
- A4 
“A, 


No of Jtuys 

. . 1 
. . 2 
. . 3 

. . 4 


wlw'm Ar, hr. 'Old K,. hu\e the Htgmliamce alrtady 
nttaclii'd to tlietii. 

'riit'sp eonstituti' n I e(|iiatious from which, if 
the iM'udiug liioUH'iits at iiti\ two supports, iHuallv 
0 and u, he known, the nun dnmg hcnduig inoincuta 
In gi-ru>ral are unhpiel^V iloterinined. 

'riieso ('qnatioriM being hr.e.ir, the s<i!ution 
for any one bending niomeid « .lu be expressed 
US the ratio bi'tween two ileterminants. The 
denominator will he the same in each ratio 
for Alp Alp etc., and it is clear that if this 
vanishes the hmulmg moments will liecome 
infinite. The physieal meaning of this is 
that no matter how- small the lateral load 
may be, the iH'nding momenta ami deflections 
will biH’.uuo so large that it is illegitimate in 
our analy.-is to suppo.se the latter to be small, 
and accordingly the approximate Irenm theory 
for struts h^rtniks down. In practice it is 
siiffieiently aiTurate to regard this state as 
also that at w’hich the strut will fail. 

Some very^ elaborate experimental work 
has been carriiHl thnfugh m>on continuous 
struts of this nature to .show' that cnpintion 
(10) diws not agree with exfierinu^nt. These 
experimenters do net realise the iinfiortant 
fact that tHia c<iuation is# obtained on the 


(H„.i t H„)A„ , A2„ iA„ 2 An. . n (4(1) 

'Plus gives a simple reduction formula 
enabling the ileterminant A„ for n bays to l>e 
evaluated rapidly. Jf the thrustB Fp F2, etc., 
be v'aiicd aeeording to some law, sujiposo 
say that Fp Fp etc., are proportional to a 
load AV, tlu’ determinant A„ can be evaluated 
for various values of W, and that loail ftnind 
which woiil<l make A„ vanish. Thin is the 
load that would give a critical for the strut 
and lepresents the uttermost limit to which 
W may bi* increast'd. If the lateral loa<l on 
the strut causes failure at a much lower value 
of W than this, we may u.sc ecpiation (3t)) to 
evaluate the bending moments after the values 
of 5 have lieon dcterimneii. If the lateral 
load is insignificant, W may he regarded as 
the breaking load of the structure. 

^ (17) I)F.FI.ErTIOV OF STRTJCTIJRFJ5.— The 
deflected position of a structure (r g, the w'ing 
•structure) may easily be obtained graphically 
by the following method. U't ABCD, etc. 
(F17 . 13), 1h' the original Itructure, in which 
each o^the members, ties, etc., are reprceenteA 
in ^heir ciwresjmi^ing tensions or compres- 
sions, the vahioa in w hich have already 4!>een 
estimated approximately. 
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From a knowled^je of the cj-osa-scetioiis and 
of the materials of eaeh of the members, the 
d' 


• C' p 



actual compref»aion3 and extensions are 
obtained.^ It will Ix' f‘U{){)OHed that A, the 
central position <»f the upper win^t, is lixod, 
ami that F will he dotleetod to Home p<Mnt 
alon>: flu* oiiLonal line Al'\ Staitmir at a 
11), let nf reinesent in nmj^nitude and 
direction the flelh'ction of F lelative to A. 
To lind the deflcclicni of U ndatne to A let 


d 



a 1 
Fia. 11. 


/2 be tlie deflection of 11 along FJl ami nl 
that of 11 along B.X. Drawing 26 and 16 
per|>endienlarly to /2 and «l respectively, ah 
will represent the total deflection of 6 relative 
to a. Strictly 26 ought t^) be a small are of a 
circle of radius Fll, but to the approximation 
hero required this is represented as a straight 
line. 

For the same reason 16 is also rigorously not 
a straight line. The method of compounding 
the component deflections can thus easily 
be followed through from the diagram and 
the vertical deflections of B, C, and D from A, 
• 

’ Members also contract through l)endlng, but this 
ft n(‘clertt'<l in the present instance For liibll’inatlon 
on tlAs fiuestion referem e should l>e made to K. A M 
No. 702. “The Keituctlon of EfTe< f ive VaJiff* of 

Youilg’s Modulus in Flexible Compression Members,” 
by Dr. A. J. Sutton Pipi)ard. 


and (9and H from F, are obtained aa indicattsl. 
ft should be noDsl that Fig. 14 is not drawn 
to scale. B'C ])' (Fij/. 13) ivpresenfs the 
defieetod position of lUT), and fnmi the 
values of the vertiial delleetion.s of eaeh of 
the.se ]K»infs the (juanlity d oecurriiig in the 
I o<|uation of tlino moments is at once derived, 
j S (1*^) ALThKNATjvi: Mkthod or ( Ahorb.M'- 
1 INO 1/KKi 1 1 ’noNS The graphical metlnxi of 
deriving the ‘V‘fle<iions just given may he 
supplemented by tlie alternative method of 
oalcuUtion given beb'W. 

iSuppoHo the strmlure A1K\ tde. (Fe/. 13), 
initially unloatleil, is subjee(i‘d to n foieo 
1‘ at B. By means of the triangle of forees 
the tiMisions and compressions v\ liieh this 
originates (vi/. m ABJ*') nr<' obtained. Ixt 
the force III BI*' be »/P wIkti' u/ is the force 
when F is iiiiily. 33ie .'«1 i-ucIiih* will, of course, 
bo deflected. Let an exteinnl loading (for 
e.vample, wind foiees) be now a]*plied, causing 
an ailditional ilefleetion d of file stnu tnre at B. 
Ia‘t the e<tj-n'spomimg e.xlension in BF hi; c, 
tbofoie(‘in wluib member is now, say, K i 7//I*. 
'File work done b\ this exli iihion of Bl' viill be 

Average force m Bl' x deflia tion in Bh’ ^ 

. (JR t 

The total work dom nniler the final kmding 
will (ben bo the sum of tliese for all the 
mem hers ^ 

- woik .Vu<' bywindforefisforRzero + 

- W I 

But the total vvoik done may be regarded 
as eompoHcd of the work done by the extra 
wind loading togidber with the work doni' 
wli«‘n B under the load R is deljeetial an 
amount d to its final jiu-sition and tins woik 
is equal to \V ^ Rd. Kipiating tliese two 
statements and dividing b}' R we lind 

d 

The deflection at B is thus obtained by multi- 
plying the ilefleetion m eaeh member duo to 
the wind bireos by tho foreo jirodueed in 
that memlK-r when unit f<»ree is ufiplied at B 
and taking the sum of tin* quantities formed. 
Similarly for the other joints. It may be 
noted in conclusion that in the calculation 
of the deflections of aeioplano structures 
sufficient accuracy may often lie obtained, and 
the labour considerably* redueed,> by treating 
the wooden meml>ers as incompressible. 

§ (111) Kedlindancies.* — I n graphic statics 
it is usual to confine our attention to plane 
frames, and in such frttmes a me%l>er is said to 
be redundant when its renipval rhs-s not affect 
the rigidity of the structure but only alters 
the .stress distribution. * The stnicture still 

• See also '• Strcni^h of Structures, "'J (24), Vol. 1. 
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I micli nfl<’r a rwluntlint nwm\ir has ! Fl/EA, where F has the value 

oovinl, hut if a Miornhur is rtMuiovud and / and A refer lo the memlier. The forces 


which is not redundant the wdioh* would 
Immediately collapse. Redundant meinhera 
in plane frames usually exint to add strength 
or rigidity to the .structure. 

fn aeroplane HtructurcH thn'O <limenHional 
frainoM may fr('<|iu-ntly Imi analysed hy regard- 
ing them as hemg built up of a number of 
plane frames. Kven in (liiaes where thi.s is 
not Rtnetly true the eiror involved is uaually 
very small. 

Mdhod of cvaliifttitKf Fanes in Reduivlnnl 
Metniters. — A redumlancv depends for its 
ojieration upon the elastic propeituH of the 
material of the franu'work, in .so far as these 
determine tlu^ deflections. 'I’he nudhod that 
is usually adopted in treating pn*l)l(‘ms of 
thi.s natuic is that known as the .strain energy 


P, Q, etc., may now In? regarded as external 
forces of the nature of the fiirce P i*i the 
previous pariigra])h, and, usine the deflection 
theorem there ohPiined, we get 

Defli'ction of structure under forces P - ioc, 
Q-2:6e, 
etc. 

The terms on the light will be linear ex- 
pressions of the forces in the memlxirs, the 
^ redundant forces P, Q, etc., not a{)|iearing. 
j Since the delleetion of the structure is equal 
i and opfsisite to that of the redundant niemlier 
I to which the foice P i.s applied, the left hand 
! Huh’ will in each caHc be equal in magnitude, 
: hut opposite m sign, to the extension of the 
Kslundaiit member. We thondoro obtain 


inotbod. In this method the nslundunt 
moinbi'rs are lirst lixisl u|)on, and supposed 
removed from tiu' struetun', leaving a ngid 
non-redundiiiit framework ; tlieir tdlis t is then 
replaeed hy externally applud forces of un- 
known magnitmh', hut (s|uivah‘nt to tlio.se 
exfrtcd hy the elimmate<l nuuuher.s. The 
force distrihution in the framework <‘an now 
bo obtami'd hy diieit ri'.s<ilution in teims of 
the unknown applusl forces and the strain 
energy function built up, viz. l'JP-//KA, ] 
where P is the for<’e iit*a memher of which 
E, /, a^d A art' the elasticity, length, and cross- 
sectional ari'a ie.spe< tively. In forming this 
expres.sion the strain emagy of th« redumlant 
memlxu'S must lie included. 'Phe fon t>8 m the 
latter are thiui obtamisl hy difTiucnliatmg this 
(unction with lespect to each ledmidant force 
and equat ing the result t<i 'zi'ro. 'I’lie a.s.sump- 
tion involvt'd in this juoctMS is that the e\- 
pre.S(Uon 0 giving the strain oiimgy of the 
atcucture attains a minimum when tiie ex- 
ternally applied force leplacing the efloit of 
the reduiidiuit iiiemlHT heooiues equal ti» the 
force in the redundant mciiiher The estah. 


IV/c -total deflection of the mem her P 
under its own force, 

},[ if Hooke’s law liold.s. 

K.V 

Sirmlaily we olitain equations for the do- 
lleetioii of tlie other leduiulant members, 
ami since tluuc is one equation for each un- 
known foils', till' rcdiind.mcies can at once be 
evaluat'd. 

^(i!o)ST!Uvssi.siN Tin: Fi.shi,.\oi: Stuucture. 
— I’he dl.scu.ssilUl alicady given for the ease of 
the wings applie.s eciualiy well to that of the 
fuselage. To all piactical pin poses the fusel- 
age eoiild he regarded as eomi»osed of four 
plane frames connected together at the 
loiigeions. T'ho two vciiical sides of the 
fu.selage aie two such frames and the top and 
j the bottom faces the other two. To arrive 
at those four fi.unoH we could suppose the 
eioss-hraciiig in tlu' bulkheads removed and 
t'uch longeron and tlu' rudder ]V)Ht divided 
I into two, one part I'aeli to tlu'ir resjK'Ctivo 
I franu'S. The dowtiloiul on the tail iimy in 


lisliment of the expre.s.smn fur strain energy, | the tiret place he siqiposed divided equally 

however, is an iiniieee.ssary The liiuil j betwei'ii the two v’eilical faces, and the loads 

equations can 1 j<' obtainetl ilireetly by a d<'- | at u nm\ n' tg. 1) due to the rudder may be 

flection theorem. ' supposed taken up by the bottom and top 


Actually, it Hooke’s law applies, we proceed 
thus. Sujipvisi' the redundant members lepiaced 
by forces P, Q, as bt'fore. Let F lie the 
force in any rumaming memlx'r, then from the 
geometry of the structure 

F^uPtMH . . . A etc., -i-aV,, . . . (41) 


face resiieetively. The ends of the frames 
at m may In' regarded ivs tixed. In order that 
the four faces when jomod together should 
constitute a non-redundant frame, it is advis- 
able to regard the rudder post as a bulkhead 
having two opposite sides very short, and to 
suppose the cross-bracing wires removed as 


where Wj. etc., are the real external Ioad.«i. 
Since the deflections are supposed s«i small that 
the giaimetry is uncUangefl, this expreswion for 
F may In? presumed unalterethafter deflection. 

The constants 6, etc., are obtained by 
force resolution or Bow's method. 

Let « bo tho extc*i8ion ot the luomber con- 
sidered ; if* Hooke's law •holds, e will be 


m the other bulkheads. The end bay of both 
tho upper and lov^er faces such as abb' under- 
goes corresponding modifications {e.g. inclusion 
of cross-bracing wires, cti^ which limit down 
to the* actual cjwhi as the imaginary shoife 
mcj^iliers an' a^ become vanishingly 

small. The imaginary cross- bracing wi^jis in 
tho end bulkhead aa'a^a^ may be regarded as 
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a redundancy, and together wth the members [ vnlatil 
oa,, a'a/, and the short members aa\ 
forming the actual nulder post. The latter 
must accordingly lx* regarded as a redundancy 


solvent, and practically all modem 
• dopes ” are of this nature, various additions 
lx‘ing made to an acetate <»r nitrate of cellulose 
jxvur* certain jtnipertiea. The nature of 
which exeits a force P, say, upwards on the j the ester used— nitrate or acetate, degree of 


to 


one vertical frame at a, and a downward force 1* 
on the other vertical face at a^. It also acts a.s 
another redundancy equivalent to a set of forc'cs 
preventing this bulkhead plane from warping. 
The force P as well as the nxlundaiu ies in the 
cross-bracing of the bulkheads can iK-i found 
by the method given in t he jirevious st'ction. 
It can be seen at a glance that if all tho 
redundancies in the bufkheads are considered 
the work would beeoine very labonous. For 
this reason, if not for any other, it becomes 
very necessary to supplennMit our theoretical 
investigations by (elaborate exin'iimental work 


esterilication, and of degrailation of tho 
oiiginal cellulose, extent of “ hydration,” etc. 
— and tho character and amount <»f the uddtxl 
substane*-- vliieh n nain in the tilni, detennino 
the tautinss anti tlexibility of tho dopod 
, fabric. As a nil'', dopes which piodueo tho 
1 maximum tautness give the minimum lloxi- 
j bility ami a tendency to brittleness of tho 
I tilin, so that a eoinpromist^ has to bo niado 
I iK'tw t‘cn th<‘se two desidtuata. 

I § (2) Fkfkot ok Doi’i.no on Strknqth. — 
j All tlopes which tighten fabric have a further 
prtiperty which is of some importance, viz. 


U|K)n fuselage structures under various ty^x'S j that they inereasit the strength of tho fabric, 
of Imding. Tliis remark ap[»lies with equal 
signilii anei' to tlie wing stnieturo oi an}' jiart 
of th(' aeroplane framework. L c. 


Akuoi’ovnk Struts with V muaiiuk Rioidity. 
S<*o “ Aeroplane Structures, Theory,” § (14). 


AEROPLANE WlN(iS, THE DOPINO OF 

§(1) Neors.sity for Dorii's. — 'Fhe textile 
eoveiiTig of tlie wings of th(' eailiest gliders and 
ai'roplaiies used to be lightly rubheicd Ixdoie 
aitaehiiH'nt m lu'der to make them wakuproof, 
but it wius soon found that though the 
resistance to water was ade<[uate the lubber 
quickly jKMished on exposure and, since the 


unlike applnations of rublKT and «)ther 
tlexible proofings. Two explanations of this 
iiKToasi' have beiui ofTi*red. According to 
tho lirst, the jienetiation of tin' (h»po into tho 
inlcTsliees between the tlireails produces a 
series of square ])latos whieli act like the W'cb 
of a giidei in jireventing distortion of tiio 
fabric. ’Phis may 1 h‘ tlu‘ lea^on of the inereast'd 
rigidity of the doped fabric, but is hardly 
sufheicnt to exjilain tho increased strength, 
which would appanntly be due ehielly, on 
this \iew, to the m1c#iiction of warp and weft 
tlireails ; the effect of transviTso tention is 
not, howoviT-, of HO high an order ns is observed. 
A very con^ideiable gain m strength is found, 
k)o, in eases w here the diqx* scaively pcnctratee 
at all. 'Phe other exjilanation is based on the 
etleet «»f the dope on the yarn itself. It is 
well-known that sizing of yarns inen'asos 


distuneo between the supporting nb.s could i then .stn-ngth, jiresumabiy beeaiiso the size 
not be m.ulo much less than a foot, the | holds the individual lihres together and 
surface did not remain taut, even though j pre\ents them from the shjiping which is tho 
considerable tension was aj)phe<l when lixing | cause of the eventmd lujituie of tho yam. 


the fahrie in position : eimsequcntly the j 
fabiH' bulgeil, especially when in flight, 
increasing the head resistan<-e and deforming 
the profile from that (h'signed. Similar 
objections applied to oil-proofed and collodion- 
costor-oil-proofed fabrics which were next 
tned. Voisin seiured tautness by painting 
the strctchexi textile with starch paste, and 
others used glues, gums, and other sizing 
mixtures for the jmqiosc ; but these were in 
no case waterproof and became quite slack 
if the air was at all damp ; they were alsxj 
in general very liable to attack by moulds. 
The proofing could not be adequately protected 
from moisture by vamishmg er covering w'lth 
pi;^fed paper. 

The simultaneoiYb requirements of tautness 
^nd waterproofness were first met hi 1910, 
to W'hat was then a satisfactory degree^ by 


he a Tn»n of the dojie is supposed to be 
siiiiilnr lo that of size. Neither dope n»ir size 
jMMK'tr.ites to any large exti'ut into the yam, 
as the an inipnsoned between tho fibres 
cannot escape, so that the effect must be duo 
to (a) some siijn-rlicial lulhesion of fibres, and 
to {h) increas<*(l friction between the internal 
fibres causdl partly, yierhaps, by a compression 
of the yam by the enveloping ilo|X'» film, but 
chiefly by the fact that the yarn is not free 
to untwist when tension is nppliixl to it. 

As would be exixHiUsl, the gain in strength 
depends in sonu* measure oq the amount of 
dope applied. With tho usual fabrics and 
dopes there is a relatively large increase after 
tho application of the first coat,^n(l succeeding 
coats add less »nd less to the strength ; after 
some 70-80 gm. per sq* metre have been 
added, there is usu/dly little or no further 


the«EmaiUite process of* applying to the { increase; the actual limit depends of course 
cloth a solution of cellulose acetate in a ‘ on the particular dojie. The effect of the 
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oil th<‘ Htron^th i« ^reiiUsr, tno Ichs 

imiforni tlio toxtil<* , rotton given a nrnalkt 
iru roHMo than linen, lunl lint* linen a Hmaller 
inemisi^ th/in (lav canvaH, Kor the latter, 
AuHti iwt'il ‘ found an int'ie.i*»e m btrength 
from 7ti2 Kg./in. to l.‘{H7 Kg./f**- the warp 
and from H<>.j kg /m. to l.'llo kg./rn. in the 
weft for an increune m iveight from 127 to 
ir>o gni /III.® with H (('rluin dope. 'I'he line 
linen u«<*<l on Kiiglibh inaehmewS ih btrongi'r 
ami more irregular in the weft than in the 
warp; the inciease in ntrerglh on doping 
iH iiiueh greater in the weft than in tie* waiji. 
'I'he inlluenet' of uniformity of the textile on 
th«) gain in Ntrenglh aftei doping aecordn w<*ll 
with the aht)V(' Hiiggintion aa to the inotle of 
action of tlu' dopo, ninet' non uniformity of 
btrength la preHumahly ehielly dm* t«> variation 
in IwimI and fiietion of the lilnea in the yarn 
'flu* lilniH left hy many ilopes on fahm- hi(*al\ 
down long liefoie the lest pieei* hie.ds.s in a 
ti'iiMih' teat; in spite of this, am h do|M-.s < ause 
iiurense.s in strength as gieat as, or gr (Niter 
than, those whuh give lilins which do not hriNik 
fiefore dll' l('\tile. 

itopmg has, howi'Vei, one elhst on the 
nuHhamoid pio|M*itieh of the fahrie, which is 
ohviously diHadvantag<‘ouM, and pndiahly 
iimv itahj(' ; although the tensile strength of 
an unwoiinded test-pu'ci* is fiiglu'i than that 
of a similar pn'M* hefou* floping, the lesistanee 
to tivifing, and espe< lally to ripping, is de- 
ervased in ('Very ease owing to the more sevi'ie 
eoneenlration of stu'ss at thi' t'dg('»f the tiNU'. 

'I'lu' (‘xtensihilily of dopi'd fahiie is h'ss than 
that of th(' otiginal mateiial, much h'ss at the 
low st^ess(^s which occur in normal flight ; 
the stress-stiain (Ui\i' of ordinary f.ihiie 
U'lng very eon\e\ towards the axis of strains, 
dojM'd pu'ci's give cur\(>s which are sensihly 
linear ovi'r an appi'Hiaide range In the 
easi's ahtiM' nientionrd. wIh'K' tin* dope film 
briNiks down at a load lowi'i tlian tht' hn'aking 
load of tin* eomhination, this hii'ak-down i.s 
aeeompanied l)\ an extension to an amount 
little less than that of the undoped fabric at 
the same load. ’The hump .so foinu'd on the 
(Mirve IS eharaeti'T istie of ino.st of the Ix'st 
tightening dopes so far produced ; it is much 
more fre<|uent, of course, m the more extensible 
direi'tion of the fabiie. 

§ (3) Txiitn K. ss. — (do.sely eonimcted with 
(ho e.xtensibility «)f the doped fabric i.s its 
kiutnetw. Although ehit'f object of doping 
is to tighten* the surface, no inon^ scientitic 
tneasun^ of tin* tautne.sH was for many years 
used outside of la Imra tones than tapping the 
fahrie with tin* kmu'kles to see whether a 
“ drum m^te ” was emitted. Tfce fundamental 
frequem^v of the n^to ile{M’nds not only on 
the tension existing in the gurfaee. hut also 
on tho weight of tli^ vibrating membrane ; 

* Die anvrttytndte Chemie in LufifaJirt, 1914. i 


with dimensions such as occur in practice 
the fundamental is below or near the limit of 
audible freqiieneies, and the most jiromineiit 
of the dnssonant ovi^rioiies which are sli card 
de[K‘ud on tin* position of tajiping, etc. If 
the weight may he considered known, the 
fix'qiieney of the fundamental, and hence tho 
tiuitnesH, may la* evaluated by ohbcrving tho 
roHonance jinxliiced wlu'ii a small motor with 
fly-wheel slightly out of truth is stood on tho 
; wooden framework and run at varying 
I nu'asurablo sjieeds. 

The piactice used in be\(>ral laboratories 
for comparison of ^autneM.s consisted in 
rneasuiing the depression produced by a 
, known small weight, apjilied at the centre of a 
! doped frame of given size. On this pnneijilo 
a poilahh* apj»aiiitiiH was hiought out hy tho 
Oeneral A Mat ion Co. m which a Hat circular 
brass iim cained a plungc'r at its centre; 
the depth to winch llu* [ilungcr was depres.sed 
hy a fixed spiing could be lead on a dial 
i giaduali'd in 1/1(M»() m. and allowed a eom- 
paii.son to be mado between the tautiK'sses 
of two sample flames or wings. Cert.iin 
obji'i'tions on tin* scon* of increase in observed 
tension duo to weight of the apparatus and tho 
possibility of imjierfeet isolation of the an'a 
umh'r t('st hy the mn, owing to slqiping, led 
the writer to dcMse a siiinlai mstininent m 
which tlu'HO ohjcttions aie to some ('xtent 
oliMeted hy tin* use of a lived negative air 
piessuit* to jtioduce th(' deflection to be 
ofwoiM'd , tins allowi'd the mstiunu'tit to 
be made much lightei, but was not ([into so 
simple m opi'ration. Tautness-ineti^is of any 
of tlu'se t \ pes i(M[uir(‘ to Ik* calibrated ; it is 
not sullieicnt to apply a certain tension by 
means of springs or weights in one, or ex'(*n 
in two direetioii.s, and to r(Nid off the indication 
of tho instrument while tlu'so tension.s avo 
eontmui'd, but the f.ihnc stretched under the 
K'ipnred tension must he sup[)oited on a 
j rigid fiamework while tho instrument is 
I plae('d in position so that its weight, [iroduces 
I tho same effeet on the tensum as in praetiec, 
j 111 the aiTangeimmt list'd by Barr and Hadlield * 
j tension.s could be applied in two diu'etions at 
j right angles and the fahrie fixed in its stix'tehcd 
[losition. The variation of thf* tensions in 
each direction, produced by the application of 
successive coats of dojies, could bo nu'asurod 
without allowing the dimensions to vary by an 
appreciable aiuount. This typo of ajiparatus 
is the only one which allows the actual 
tensions produced to be measured, though its 
use is confined to the laboratory. 

For measuring the tautnesa of samples fixed 
and doped on frames, A^^oll * recommends 
tho use* of an air-tight frame 10 in. x 10 in* 
intMfiial dimensioil^ in which the pressure is 

* .4 f’.A. iJrpcrf T. No. ms. • 

• A.C A. Reports and Memoranda, Xo. 569. 
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roducied to 1 inch of water below atmospherics ; 
by means of a light spheromoter the radius 
of curvature of the fabric is oliserved and the 
“ tautnijfCM '* is evaluated from the expresatou 
T-^PR when' T is the tautness or tension 
(asHUincil uniforni) in the suriaee, P the differ- 
ence in pressun* (2400 dynes-em.*) ami R the ' 
radius of cuivature det(‘rniiiUHl ftoin the j 
apheniineter i csading. Since it was show a in the 
above-mentioned papc'r by Jiarr and Hadfield 
that the tensions become practically identical ; 
in the two mam directions after three or j 
ftuir coats of dope have been applied, the , 
assumption of uniformity of tension is well , 
enough justitied for m<tst purposes of 
comparison. j 

§(t) \VATP:KPUoorNi:ss. — If the dope has 
bc'cti a|)plicd caudiilly m a number of thm 
coats, the lesuKmg dim is usually found to 
be satisfactorily proof to the passage thioiigh 
it of air or of w.iti'r; tlic dims absorb also ' 
v(‘ry little oil when castor or vacaium oil is 
jilaced on tlicir suifacc. Appnnaably large 
oil absorption under these eircmmstam es can | 
gerienvily he traced to “pinholes” or ariats 
which have heen impi'rfectly dojHsl ; through ' 
these the oil passes and is nudily .spread by 
cajnllary action along the fabric. It is foi ; 
a similar reason that some dopes appear 
absorbent of oil and petrol after exposure, , 
Binee the surface of tli(‘ tilm of an mfeiior dope 
lK*eomes covered with small cracks if it is 
unprotceted, owing to loss of residual .solviait , 
or “softener” either by evaporation or by 
solution in rain- waiter or cleansing lajuids. 
Ajiait from changes of the latter iiatuie, 
most dope films of modi'ni inaiiufaetiire ar<* 
reasonably jiermaiient : the deterioration of 
do|ml fabric on ox[)osure is m nearly every ' 
ca.se due solely to tlie weakening of the fabiic ; ; 
unless the flope coiitaims siibst.iiices which are ' 
capable of develojmig inorganic acidity on 
exposure to light, such as unstable nitrated 
eellulo.w, tetrachloretliane, etc., the tendering 
of the fabric is almost invariably to be ascribed i 
to the action of light on the textile ikst'lf.* J 
§(5) Vaunishks. — In order, originally, to i 
obviate the cracking of the dope surface on ' 
exposure*, it was found advisable to protect the ! 
dope from direct contact with the air by means j 
of a varnish. For this purpose oil varnishes j 
(linseed or tung) wen* often used, but a lighter j 
nitro cellulose varnish called V.114, containing 
some castor oil to render it flexible, w'as 
devLseil at the Royal Aircraft Factory and 
was shown to retard the develojmient of 
cracks. The varnished doped fabric proverl, 
however, to l>e no lictter than the unvarnished 
m respect of permfhenee of strength on 
exjtosiiro to sunlight. Ramsbottom showed 
that by the introduction of verv finely ground 
opaque^igmonts into the vanSsn, the deterio- 
* See article ” Aeroplane Wings, Fabrics for. ’ 


ration of the fabric by sunlight coulil Ik* 
oflPfetively avoided.* 'flio pigmenU wert^ at 
liist intr<»duee<l in onler to rendiT machines 
leas viMbh. from above, but the advantugivs 
to 1)0 obtained in this direction wer-e found to 
Im* far exei*etled by the gain in ]>t‘rmanenee ; 
for examfilo, a dop< d fabric wliiih lost 411 
jHT cent of its strength in 28 wei'ks, lost, when 
Biiitahly f*!*'!!* Usl, oi iy 4 i>er cent over the 
same period. The jagineul finally sek*cted 
was of a (lark kl*akl colour, madi* by miMiig 
yellow ochre, I’riissian blue, and eaibon Mack : 
thi.s mixiun*. ground m castor oil, was sus- 
pended in V.114 varmali to form what is 
known as I’.tMd. 

Ffficaeious as the use of IM'IO has Inn'll 
proved, by numerous »*\periiiienlers, to be, 
in protecting the fabric from fbe action of 
sunlight, there are situations in whieli it is 
not to Ik* pndeircd. It was pointed out by 
Atkins •* that m such bright siiiisliinc as occum 
ill Kgypt, the absoridioii of solar ladiation 
by dark-eoloiircd virnishes bid sewrul 
attendant disadi aiitagcs. Firstly, the rise in 
temperature of I lie iving above its suiroundiiigs 
not only temls to maki* the dopi* Mini l*rittl® 
owing to volatilisation of the last traces of 
solvent, but also eaiisi's the woodwork of the 
filanes to Mconie warpf'd. Si'eondly, the 
rapel cooling of the varnished surface by 
ladiation to th(^ sky when th(‘ sun sets or is 
obscured eaii.si's a huge alisrjrfttion of moisture 
by the dope and coMsc(|U( nl slaikeiung of the 
fabiic. To uieet tlu^w* objections a n fleeting 
Hiirfaee was desnabli : ahnninium powder was 
found to be the Ix -t pigment for the purpose, 
sine<*. althoULdi it is mfenoi to a wliito pigment 
in rediieing tin* use m temperature prodinssl 
l)y insolation, it affords a much more opaijuo 
covering than does white ; and ojiaeity to 
actinic lays is mote important than reduction 
of teinjH'rature. Indeed aluminium ])i>w'der 
its(df givi in the minilK'r of e(*ais of the 
varnish wlmdi are allow abh*, insufiieient 
j)rott*(ti<m t<» the fabric and mjMirc.s to be 
supplemented eitlier by a subjiucnt coat id 
opaque absorlant varnish Huch as P.C.IO 
(or a r(;dder (»ehte mixture P.C. 12) t>r hy a 
dyed dope us suggested in A.(\A, fir ports and 
hternorundfif Nos. 320 and .337, rcH]M;ctively. 
Very few dyes arc sufficiently stable in dofio 
to withstand direct exjiosure b) sunlight, 
though Aston has obtaineiJ aatisfaebuy results 
with a few spirit solubh* blacks and yellows; * 
the conditions are less severe when the dope 
is partially protected by the aluminium 
varnish. 

§ (0) Pigmentation of Dope.'x— T he in- 
creased uniformity of taUtness under varying 

* A.C A. RrprtrU and Mtni itrtinda, No. 408, lOl.’i, 

* Atkin-s and Barr, A .C A. Rfoorlx and Memoranda, 
No. 318, 1017. 

* A C.A. RpporU amt Memoranda, No. “JOO, 1017. 
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atmo«]»horio coivlitlona, which in by 

tho rcfiliu-cincni of an ahHorfx^nt hy a reflecting 
pigment in the varnish, won noted hy the writer 
in the Ih'port No. '.VM ul)ov<» iiKtitioiietJ. 
Still more Hut i.sfaetoiy results have Ijeen 
deHtTilwd hy Karnnhottoni and 'J’hoina.s,‘ 
who rcc()rnincnd the onuu.don of the varnirth 
altogether, the reqniie<l opacity l«‘ing aeciired 
hy the introduction of pignu-nts into tho dope 
layer itself. Although no nieaHimunents are 
given in tlair pa|Mr of the effects of rajad 
variation of insolution on tin* tuntiK'ss, they 
find that the |»igrnentation of the «Io|k» eanH<^H 
a very marked irnjiroverru'nt in the dire<ti<»n 
of Hceuring iinifoim t.iutness under varying 
ntmospluTie humidity, 'rids improvement is 
moat notn'euhli' after expo.sute: thuH, fahne 
dojK'd with an unpigmenti'd dope ami examined 
iirst in an atmosph«‘ro of some 20 jx-r cent 
relative humidity ami (hen in one (»f 92 pm- 
cent gavei, when new, d<‘gn*es of Hlackni-ss 
represmded hy the tigun's .'12 and (» 0, ami, 
after an exposuie of 12 weeks, slacknesHes of 
5 I and 9 (i in the dry and moist atmos|»hereH 
respectively. I’ndi-i similar conditions, cAee|it 
•that JJ Ihs. of khaki pigment had hi'cn adilt'd 
fier gallon of dope, (he ligiiK's for the new 
fahne were 2 2 and 4 2, and for the exposid 
material .4 4 ami 71. 'I'Ik* lignres for .slaeknesa 
Hrt> approximately invers(>ly proportional to 
the mean (I'nsion o» tautm-sr, so that the 
Iiigflierited dope not only pioduei's guvder 
taulne.ss eitlu-r when lu'vv or after exposure, 
hut also causes the tautriess to ^'aiy less with 
humidity. lOuilier woikeis^ wh*> had tiled 
tho introduction of pigim-nts into <lope 
notiei'd that tho lilm tended (o lie hiilth* ami 
l»()orly adhcM'iit to the fahne; this apjK>ars 
to hiive Ikm'U due either to tiu' use of unsuit. ihle 
dope or to the iiieorpoiation of to«> mueh of 
the pigment. If, as is tiu* ease with aluminium 
powder, the ])igmen( cannot 1 h> ground to a 
veiy tine state of division, the amount of it 
which can safel\ Iw introduetMl is eonsiderahly 
less thnii the IV Ihs. jH*r gallon wliieli was 
satisfaetoiy for Itamshottoin and I'homas's 
fine khaki pigment; thus these ohservers 
confirmed the earlier .statements when l.J Ihs. 
of aluminium ])ow'der ]ku- gallon wa,s used, 
the lilm flaking olT on iHuiding. Very fine 
grinding is also cs.son(ial in order that the 
opacity of tho do|>c film may Ih' suftieient, 
without undue inen-ase in the numl>cr of 
coats to Ik' applicij. The actitin of pigment 
in rcgartl to morcosing the tautnosa is ascriboil 
by these authors partly to reduetum of the 
extensihihty of the film. The obstnietion 
otfcrml hy*the particles of pigment to the 
diffusion of wat<»r- Vapour# into the film is 
« 

‘ .-i.r..!. Rn>t*rlx andHtt-momtuh, No fiUC. 

* Aasterwell. J)hl angrir^ntUr Chrmi^ in rfrr 
Lufifnhn, Itarr, A.C.A, ReporU and Memor- 
anda, No. 357, f 


8Uggoflt<Ki as an explanation of the BUj)erior 
maintenance of tautnc8,s in a moist atmosphere; 
hut, since tho diffenmees in time rcquii^ for 
maximum slackening were of a muol^amaller 
Older than the dilTcrcfiees in final tautness, 
thi.s LX|)lanation is inadequate. Both effects 
may pro ha lily he due to the same cause, viz. 
to the surface tensions at the numerous 
pigment-do|K‘ surfaces which confer mechanical 
strength in a way simi’ar to that occurring in 
piled moist sand. 

§ (7) iNKLVMMABlLnV OK DoPKO FaBUTC. — 
In view of the .serious consequenees attaching 
to the oeeurronee tif fire on an aero[)lane, 
many attempts have been made to render tho 
wings non-intlammahlo. ft w<is for this reason 
that eelltilose acetate dopes were originally 
preferix'd to those made from celliiloso nitrate, 
since films <an he made fioin the former which 
ai-o pra«tieally non-inflaminahle, especially 
when eel tain softening agents, such as tnphenyl 
pho.splmte, are iiicludcd in the comjiosition. 
Since lirepioof falirus can lie juodueed, c.(/. 
hy IVrkiir.s method of pieeipitatmg oxides of 
tin or tungsten on the lihtes, it might rea.son- 
ihly h.ive Imsd expected that a iiri'proof 
fabric doped with non inllamTnal)li‘ dtqic would 
give' a non-infiammahle comianatioii. Such 
IS not the* <-. 180 , however,^ Hamshottoin 
found that the eomhin.ation burned nearly as 
leadily as ordinary doped fabric, [uohahly 
owing to till' thread.s acting a.s wicks to the 
li<|iieljed dofx'. Most of the additions which 
have Ih'cii tiiial with a view- to obviating this 
defec-t either wc-akc^n the dope film or arc 
soluble' m water and aie lost on ex[)osiire. 

In the' eomiiarisoii of suhstanees which arc 
not ineapalilc' of burning, a distinction is to he 
drawn hetwec'ii the facility with which ignitiem 
occurs and the sjx'eil of propagation of llnmc, 
pro}X‘rtic*s winch are not neee.ssarily elosel}^ 
eorrelafe<l. A careful examiiiAtion of a 
niimht'r of do|)c\s and varnishes was made liy 
the writer,* wliieli showed that— t 

(i.) Linen fuhiie either undojK-d, or dojx-d 
with eelluloso acetate do|K>, has a temjx'rature 
of Ignition in the neigh bourhc^iwl of .‘ISO'’ C. ; 
if dojK'd with nitro-eelluloso diqie tfio ignition 
U'lnjHTature is nlcout 200^ (\ These tempera- 
tures an^ practically unaffected by the super- 
position of varnishes. 

(ii.) The rate of propagation of flame in 
do]ic<l fabric horizontally suppiorted is greater 
for nitro- than for acetyl dopes in tho ratio of 
2 or 3 to 1. Tho presence of a varnish layer 
makes little difference if tho varnish is either 
P.0.10 or an ordinary i>il varnish; but a 
pigmentetl oil varnish (alxmt l-fi oz. per sq. 
yard) has a blanketinf effect such that it 
reduces tho rate of hnming of a nitro-doped 
|ftbric over wj^ch it is applied to about the 

• Techni^ Rejiort A C. A ^ 

* AX\A. Reporta attd Memoranda, No. 578, 1919. 
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same figure aa that for an unvarnished acetyl- 
doped fabric, while over acetyl dope it maUee 
the rate almost negligibly slow. 

(hi.) Jtesulta soinewhat similar to those 
found in (ii.) were obtained by determining 
the concentration <if carbon tetrachloride in 
aIej>hol which was in'cessary in order that 
cylinders of plaster of Paris about 1 cm. high x 
j'oem. tliameti'r, soaked in the mivture, 
should just la* incajiable of igniting tht‘ fabno 
when .stood thereon and lighted. Thus the 
coricontrati<»n3 by volume ie<|uired wetv f*>r 
aeotyl dope 17 fx-r rent, for aeetyl <1 o|k' s 
pigmented oil varnish 44 ]K’r rent. an<l for 
nitro dope .51 j»er emit of carbon tetra* blonde, j 
In the same paper the interesting obs<>rvalioii I 
is reconhsl that the tiame of a burning do|x*d j 
fabric was extinguished by a brm /e of so low a , 
velocity as 20 miles p<T hour, \ihethei acet\l j 
or nitro dojH' was used. Conscspiently the 
destruction of wings by firv in the air must ; 
be <lue to s.iturHtion of the f.ibric with |n‘tio) ' 
or oil The dilTcrenees between the nion* and { 
the less in(laminal»le doja-s are of importance I 
only when the machines arc on the ground. 

§ (H) ('OMI«OSITIO\ ANn PuKPARATION OF 
Doi'E.s.— -( Vllulose .ul'tate can Ik? ]»rcparcd 
by the action of acetic anhyflride on suitable 
cellulose, the rmictiou rcHpniing either the 
presence of a catalyst such as hulphmic a< id, 
zinc chloiidc, etc , or a previous conversion 
of the cellulos<‘ to hydroeellulosc. Py partial 
hydrolysis of the resultant Iruuct.ite, or by | 
regulation of the acct_\ hition process, the final ; 
product may be niadi' solul>le in ditTer-ent i 
solvents, i-angirig from chlorofoim to acetone | 
and alcohol, 'khc acetate w)n<h ha.s hitherto : 
proved most useful is one which is soluble in I 
acetone. Such an acetate is also soluble m a 
large numln’r of lupiids ami mixtures of luiuids ■ 
and in solutions of various solids in alcohol. ' j 
The main .solvent which is chiefly used is 
aeetsme, and this is diluted with a mixture of I 
ineth>4 or ethyl alcohol with licnzenc, which . 


j from the solutitm, thus spoiling tho film ; tho 
j pr stuice of alcohol and benzene reduces the 
rate of evaporation and jiromotos the jmidue- 
tion of clear strong filnis. The concentration 
of the eollnltjse acetate which can bo omplo 3 'e<l 
is liniite<l in flic upfar direction by the ex* 
er'KsiNo vi.scohP v and difbmilty of ap])lieation of 
solutions strof^ger than some 0 per cent, and 
111 the fowi i by the 'iiermiriiig coat of the 
solvent iclalive to the weight of (‘ellulose 
acetate employ e<I wnen the concent ration is 
KsliKcd below (> jxT (‘cut. The viscosity of a 
solution of a gi\cn strengfJi is determined 
partly by (he eoropoMtum of the solvent 
inixlui-e (alcohol, water, efe,, rmliice the 
Mscosity (tf the ac<'tone srtlulion when added 
up to certain aiiiount.s) and ]»aitly by Die nature 
of fhe acet.ile employed. Sime, in general, 
acetates giving \iscous solutuais, winch are 
|»repared by keeping the fcTnj>crnture of nianu- 
fartiirx* low. vuld flic hfiongesf and best films, 
a cornpioimsc has fo lx* (‘fTcrted ladween the 
<piality of (h<‘ film and the ja'innssiblc dilution 
of the Holnfion. d’lu' grade Avlncli lias Ih'ch 
j most n.sc<l i-i om* winch mcMh a (>0 per cent 
I solution in ar rdom' (b (> gm. in 1(K) c .c, acelone)^^ 
j Jiaviiig a MMstsifv af 2b (’. eijual to 10 20 per 
j cent of tliat id glycend at the same lenipera- 
j ture. The fendem y at jiresent is (owards a 
I somewhat iiuue vhcouh c(>Iliilo8<‘ acetate, 
i Solulions of (elIulos(‘ m elati* in acetone, or 
<‘\eii 111 acetone ]>lus ben/.ene-alcohol, ^ ir'ld 
films on (‘vapofation whi<h tmul to be rmlKy 
and buttle unless (he air is veiv di^ or the 
Mscosity of Ihe solution very high. Much 
better films an> obtained from a wide range 
of acetates and m liuniidities as high as 75 per 
cent, if suitable “ softeners ” an* included in 
the dojie. 'riiese are solid or bigh-boilmg 
ln(Uid solvents, or smm-solvents, which retluce 
the raO* of volatilisation of the later fractions 
of the light, solvent, and remain, more or less 
coinjiJett ly, in flu> (li*y film, preventing it from 
becoming biilfle. The softeners which have 


acts as a partial solvent. Acetone was replaced i Ikhui most ii.sed include tetrachlondhunc (now 
to some lAx tent b^ methyl ethyl ketone and bj' I out of favour owing both to its ]>oisonous 
methyl acetate during the war, owing to | natun* and to its rha-oiiiposition on exjiosuro), 
shortage of acebme.® .Methyl ethyl ketone is j tnaeetin, lam/yl alcohol, acetanilide, trijdienyl 
by no means so good a .solvent as is acetone, ‘ phosphate, and r resyiic bodies. * 

ut is valuable, esficeiall^^ in hot countries, .Vitiates of eeiIu!osf^, b.aving lieen comnierci- 
in that it revluees the volatility of the solvent ally maniifaelun-il for a much longer time 
mixture. A .similar reason operates, in than have aretat<*8, can l>o rather more 
addition to the argument of price, in the readily produced of a stated viscosity and 
addition of alcohol-benzene mixture to acetone; solubility and are cheajHir. Many makers, 
if a 0-9 jier cent solution of eellulose acetate especially in America, Wave elaiwed better 
m ae.etone is spread out into a thin film tautne.s8 and elasticity for dopes made from 
on glass or on fabric, the rapid evajioration nitro-cellulose, and it has even been projK'Sed , 
of the acetone causes condensation of moisture standard practie,e in the U.8^. that the 
from the air and prAipitation of the acetate two coats o^ dopo^should bo of nitrate 

• tbvjx? to secure good tautnesjs, «nd the last two 

tmet ^ fire ; this is 

* Cf.# Barr and Atkins. A^.A. Rfports atui the convefso of « standard English 

^emenwMto, No. 228, 1915-iyio. 1 practice. As with i cellulose acetate, so also 
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with tho nitrate, vanr)U8 addUiona are made | 
to tlie d(i|K’ to impnive the quality of the film ! 
or to reilnce inflafiitnaluht y ; for the latU‘r | 
one [iropnetary dojM* used to e«jntam ! 
cah ium chloride, whu h had the advantage <d 
reduein^ eonsiderahly tho M.seoHity of tho 
ae<*t<tne rtolutiou, hut had sorno (‘iiiioiis «dTert.s, i 
Home only heinjj; desirahle, on the hehavioiir j 
on eKfiiiHiire. i 

In the preparation of dop.'s it i.s easi(‘ht, i 
aMsumini' the eoniptmtion to he fixed, to add ^ 
the non-Holvi'iitw, alcohol, Ixui/ene, etc., lirnt i 
to tho act taf(‘ (or e/ce cerso), and to allow 
the (H'lluloao acetate to .swell thoronehly in 
the mixture hefore addmt; the aietone and 
other true Holvent.s. If the acetone is ad<le<| 
lirHt, Holutiori IS slow. 

Ow'inu to the ilifluulty of makin;' qiiantita- 
ti\e ineasuri'MientH of some of the |)itqxTtieH 
of dojied fahric, and espeeiallv in \i('W (»f the 
rieee.smty of exposun' tests in the compaii.son 
of one dope with ariot her, the Hi it ish I'aiuinem • 
inj^ Standards Association {> is adoptisl a 
referiaiee dope for such <'ompatisons, and h.is 
Bpeeilied fairly iijiidh tiu' ile^Ks's of piiiity 
;.vnd till' propi'Miea of the eoinponent.s. The 
foinltila for this dopi' is as follows . 

( 'ellul(W(> acetate . . 3.‘M) ).;ni. 

'rtiplicinl phesphute . . .'in „ 

Atetom^ . . . jruiO i- c. 

Hen/ol . . Il’iK) 

Alceliol. , Ijno „ 

Heii/yl alcohol .... liK) . 

The aliovi' dope i.s one on whiiii a huge 
amount of experimental work ha.s Us'ii ilone 
at tin' Uoval .Vircraft Kstahlishmeiit , the 
ooniposition of tlu' ll.A. K.'.s pri'feiied ihqx' has 
Binc’o been modified in ordi'i- to elTect certain 
improvements, hut the proportions may ho 
ti\kon as iK'inu fairly repre.sentati\e of the 

Ik'Ht niodei'n dopi's Five or six coats of this 
solution aro ivquired. when it is npplii'd hy 
bru.shiny, to j/ive a film weight of 2 oz. |H'r 
«q. yard , not more than four coats aie now 
usual for good dopes, the diminution being due 
cither to the u.se of a mon' eoneentrated 
solution of acetate of the alxive vi.seosity, in- 
to the suhstitutioii of a moix' xi.seoiis acetate 
in the preparation. 

§ (0) Ai'i*LU'\TioN OF Dope and of \'aio 
Niatl. — The proportions of stdvents, diluent-^, 
and softeners in dopes are selected so that 
they may Ihi aiijilusi under as wide a range of 
atmospheiic conditions a.s |K).ssihle. Wry few 
can be usotb however, at humidities above 
some 7t) i>er cent of saturation, without the 
ocourrenee i^f white patches in tlie first coat, 
W'hioh indicate alisixption of water to the 
stage at xvhieh tip' cellulose ester lH*gin.s to lie 
piXH'ipitated, .Since fho white patches fre- 
quently disapiMvvr ^hen sftbaeftuent coats arc 
applied, es^ieeially if the .^r has become drier 


in the interval, their occurrence is often 
regarded as unimportant. It has been showm, 
however, by Atkins and Barr ^ and by 
Atkins and VVoixieoek * that tho fjevelop- 
ment of such jiatehes is an indication of 
[)oor iK'iietration of diqie into tho fabric ; 
tho adhesion Ix-tween dope lilm and the yam 
Ix'ing redm-cd, the lilm is more liable to crack 
on exposure or with handling, though the 
tantne.ss soon after ■‘he eoinjiletum of doping 
is .seaieely afleeti'd. For this reason it is 
leetjinmended that the operation of doping 
.should he (viiiied out in a room where tho 
linmidify isa.s low a^possihle ; in cool i-liniates 
this ni.iy hi* seeiired hs waiming the dojnng 
shed, luit in hot eoiinfries tloping should he 
! avoided r.n d.iys when both the temjieraturc 
I and the humidify are high. At high air 
fempeiatuies a lower relative humidity is 
, neees'iarv than m cool situations. 

I Doping I.s generally peifoimed hy mean.s of 
I a f.iiilv huge hrieli, the liist i oat Ix'ing well 
I woiked info the fahiic to sei lire good adhesion, 
and .suhse({iient coals woiked <i.s lillle as 
I po.ssihh* HO ,i.s to le.ive a smooth suif.iee; the 
j \ol.itilitv of till* Molveiits precludes thi* possi- 
bility of .spreading the solution to anything 
' like the same extent as is u.sual in oil jiaintmg. 
j 'I'lie difhenllv of obtaining unifoimity of 
: eoveiing With lliiec oi four coats has led to 
! attempts to apply the ijopi* by .spraying; 
j tins has LU\en good lesiilts in varnishing, 
j e.g With !*.(' Id, hilt the composition of 
j oidinary do|)es nsiially reipiires modifieution, 
j in Older th.it they m.iv he ,s{)ta\ed satis- 
I filet only In some wr.rks tho wings to ho 
I do[)ed ail' .suppoited horizontally so that pools 
I of dope shall not niti down tho .surface; in 
j others they are ai ranged veitieally to ceono- 
I mise floor space; there is no con.seiiHUs of 
opinion as to whu-h method i.s preferalde. 
The mgjinie .solvi'iits which volatilise' ari' not 
, only mfl.immable, hut also have injurious 
; elfeet.s on the operativo.s, if they are tillowed 
j to lueumuhito to any great extent ; etheient 
j ventil.ation us, tlu>iefoio, imjierative, and 
'<ince the vajioiirs are all heavier than air 
tliey are most readily n'lnoved Dy suction 
Hjiplied at the le\t'l of the floor. 

j HLO Recuveky ok Solvents.- - iSinco tho 
eo.st of the solvents us a large proportion of 
the total I'ost of the dope, several attempts 
have hfH'ii made to recover thorn from the 
air of the doping shod. Tho jiroblem is 
ri'iidered ditticult by the large size of the 
w^llg.^ by the fact that the solvent is a mixture 
usually of at least thrct' substances, and by tho 
low ooiicentration of vapour in tho air which 
is iiermisHihle in view (.i» the neces.sity above 
mont4one<l of good ventil.ition. A measureaof 
success lias lieen attained by suitably enclosing 

* .4.(’..4. ytemorafuf^, No. 318,iJ017 

* Ihid. No, 511), 1917, 
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a portion of the winj^ at a time and absorhin;' 
the vafiours from the effluent air by wcrubbini,' 
either with water or with iresoJ in limited 
quantity' ; the solution so obtained is then 
fiMotioiiated. The existirij^ s\ stems are not 
jet satisfiu ttuy in that tliev n'tard output 
to Home extent and tlie ieeo\eiv is f.ir from 
complete, blit they Men* of use during the wui 
when .shortage of '^oI\('nt.s was acute. 

§(ll) ( vnK or W'iM.s. If oil, esp»H‘inlly 
non-mineral oil, b(‘ .s|»laslied on dojied fabn.- 
it IS imjiortant that it .should be iX‘mo\e<l 
;t.s soon as po^.siblc, since it has Iw'en sliowii 
by Atkins and Itair^ th?it oiled f.ibrn- deteii- 
onites lapidh' on e.xposnie to snnlij'ht. Mmh 
of the oil can be taken otT by w,tshiii'» with 
8oa[» an<l water, in which case no damage 
IS done to the dope or \arnish ; if the oil ha.s 
been allowi'd to soak m. Ilie wasbiMj' neeil.s 
to be followed b\ a nibbinc with beii/ol or 
eaiboii (elr.K hloiidi', I'ltliiM of wliuh e.iu.si's 
some dam.iL'i' lo the \arni-'h if tins is JM’. 1(1, 
<nid mav netcssji ife ie\ arnislimjj;. If the 
oily fahiie jia.s hi'tsi lon<4 exposed (o simlii'lit 
in (he tiopie.s it should he stripjted off foi fear 
of tiaidei iiij'. (j jj 


AKUOI’LAXK \\T\(iS, FAMKK'S FOR 

§(1)'J'mi. Wim! Si III ( nui:. 'rh<‘ winf< of 
an aeioplatu* is reinured to have ,i eeit.im 
profile, lixi'd by aeiodMiarnieal e''nMderations, 
and to be sufliiientU mltkI and stronu both to 
jire,si‘i\e this judlile under (he lUesHUtes oeeiir- 
nnj» in tlij'ht and to (any, not onlv its own 
wi'iuht, wlmli may be fairly unifonnlj dislii- 
buted, but that also of (lie en,.Mne, j)as.-,eiie<‘r.s, 
etc., winch is apjilicd over a shoit l(‘n^'th at 
the niiddl(> of the wm^f. Attcnifits are at 
firesent heme made to e(»nstruct winj;^s in 
which the neiessary strength is obtained hy 
usinji; the whole aerofnil im a hollow spai, 
but ttieir are considerable difFieulties in tlie 
mathematical treatment of the riiridity of 
spars of such a shaj/C, s<t that the de-apn will 
probably lx* iinsatisf.ietory for some time: 
further, the metal of whirh the surfaee is to 
b(' made must, for reasons of weitrht, be of 
such small thickness that slight corrosion 
mi^dit le serious, and suitably liuht, stroinr, 
and incomalilile allojs have probably not 
yet lieen evolved. The standard procedure 
at present is to use; wooden or metal spare of 
H or similar st'ction, with hrncinii wircfi and 
compression struts to contribute the required 
rij?idity, and to cover these over with a li|;ht 
flexible integument, which is conformed to 
the desired profile* by stretching it over 
•former ribs ’ spaced at frequent intervals 
along the sjiars. The covering which has l>egn 
almo^ exciu.sively iiserl hitMbrto consists of a 

* .<4.C./I. RfporU and Memoranda, 31S, 1917 
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li"ht textile, whieli is strctclied and sown over 
the framework and then doisxl ” or coated 
wph some solution to ixunlcr it more taut and 
air-tight. A few machines have l>een exhibited 
in whiih the (lop«Hl li'xtile has Is'cn n'placed 
I eitnei l'\ tfansjiarcnt cellulose acetate sheeting 
j or by thin aiununiuin or alloy foil, but iieitJier 
j of lilt .(• a!;cniati\‘ bus come into use: 
j (oiitiiniou.s m.itcnal.s li,i\e m gcncial a \ery 
I low tcatmg .--tit ngtl'. 

j} ( 2 ) Tiik Kmiiik',— O f tlic xaiioiis textile 
fibres a\ailabl(‘ only (bo.se giving the liighest 
stK'imth p('i unit weiclit lusal be eoiisiilcrcd, 
namely, silk, hn<*n, lofton, and lamic. 'Flic 
I strength jM r unit weight of woven material or 
J of sheet given by the ratio kgs. pi*i' linear 
j nietie (o kgs. pci sqnaic metre alToids the best 
1 basis for eoiiipari.soti ; tins latio is of the 
; dimeiisKtii.s of a length, being tlie Icriglli of 
I till* matciial which would ( lusui'tu ally break 
I iiiidci it.N own wiigdil. The “ hieakmg 
I kngtl. ’ i.s piefci.ihly e\pie.s.sid in kilometre's j 
j f<»f fahiKs Woven fjom tlie ahovi* fibres the 
i hieak'iig length may real li the values; 

Silk IS L'O km. ^ 

fallen fh .. 

( oHuii .... If . 

Ramie givc.s lugdici tigMiics than cotton but 
is Imble to lapid bactciial deterioration : 
sovcial inish.ips li.ive* ’'ci'ii (ra<cd to its (‘in- 
1 plovnicnl, and it has consecjucntly gone out 
of n.se Silk has alwajs pioved in U sts made 
, by Kriglrsh i ivcstigatois to he mfc'Mor to linen 
i and (oltoii in ahihlj to vvithstand exiiosiire 
■ to the wcathci, and, owing to tlu' tineness 
I of the yams used in weaving it, teiiis more 
{ leadily in spite of it.s high strength ; recently, 
I Jiovvt'ver, iS(hnj)pe .silk (m-. varn spun from silk 
I was(c) has been slated by \'ignon “ to bo 
I more permanent tban linen ; since the yarnH 
! us<'d in S( hnppe sdk aie ( oar.ser, the ri'sistance 
to teaiing inaj lit* hetti'r also 

The lignre iihove mentioned for thi' breaking 
Icngfh of linen l■*feIs to the weft diieclion of a 
fahne which was for a hmg time specified by 
the ^A'a^ (fflioe and by the An Dejiartment 
for Engdish mac limes. TIiih fahiic was 
weaker in the vvaip direction, and, if the 
av’crage of the slKiictlis in both directions 
I iH u.sed in dcnvmg the hieakmg length, the 
value obtained is eloH<* to that for cotton. 
The relative merits of cotton and linen will 
be discussed at a later stage : in general the 
remarks which follow on the tcstftig of aero- 
plane fabric apply to faith cotton and linen. 

§ (3) Wkight (i.) Mrthwl of TesUng. — It 
is ohviously desirable to limit Wic weight of 
; the textile emp!o*y'ed in* the covering of wings 
I to as low a figure as fioH.siWe. The sjiecifica- 
tion of 4 oz. per wjjjiare'yard oh the maximum 
' for the War Office fa brief to which reference 

i » • 

I • Complet Rendue, 1920. 
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WHM /ifxtV*', <lp|M'<irS tf» Ik.^ 11 j 

(UetitU-fl, not t)y .iny '<‘0’ «!< finite ••Htiniate of | 
thentn-MUth l.u( !)> t‘\f»i*n*‘n< e yaiiM-tl i 

ill Hie eo-.riMi ;4 ti/ul doping' of uiiios ,if the I 
Hoy.il Am oHt Tjetoiv win-s «o\(fe«l with i 
linen of (I irridiii ty|H- Utie found to luhriM* 
Hati'KffK loiilv HO f,i,r an ilopino uan < oim ein« d, j 
and f f.iM ty |>e uuh Hk n tixeil Hm ept in i .ihj's 
wheie Hi" imoht n e\trein<tv ne n Hii llinit ; 
Hpeeilierl, the tiMlnii' of te\tll" h'l weitdil H 
of the MMiipli .'^f •h.if.ieler, n.iisiHlnii' m< lely 
in a* ' nrat< I V entf inj/ tint a et i lain mist lef < In <1 
area, piefeiaf-lv not Ii-h Hmh a sijiiaie nietie i 
and extendmi^f nraiK Hie full width of the 
roll, mid v\t i,dinn< this to Hu ne,ti"-nf de< n'lani. | 
If more |ire< isr tl;(iires me lecjiiin d, i oi/ni-t.ifM e 
niliat he l-llvetl of the ••tfei Is 

(n) 1)1 Hie lelilively hi^^li exteii-ahilil V of 
textlh'S at low' sfirssi s, mid 

(/») Of till' xailituifi ot uiiyht with the 
utniospliei le hiiniidit v 

In till' usual nuthod of ntmhiui' <»ut the 
area to lie weighed, the siliiph- IS s|lii|tlv 
.smootlu'd out l>v hand on the suifui' ot a 
tahle MO as * » Ii'lliove ohvioiis (iluUles 'I Ills 
prueeduie is souii'wli.d iiidelimle, mid, it iuoM' 
aeeunviely lepi odiu dile luMultM should ite 
rtsjuin'd, it would !«• ueiess.iiv to spisifv the 
Hppliealioii of a leitaiu small uiiiloim stu-ss 
In hotli dinstloiis while the aiea to he festrd 
Im U‘IM< niarlo'd out.* Disputes attiihiit.ihle 
to tins soiiiee of erior do not, howevei. appear 
to have an.sen, as the tolnauee allouid is 
faiily yeui'rous. mid thi' dilh'ieu*e of teusmu ^ 
applied hv two ohseiveis m Hinootlmn; out 1 
till' falaie is Hot serv hi'iious | 

(H ) A/7/'D *7 Nii'mihlt/ 'I'he etleet of the j 
liiimiility of the air on the weiuht is more i 
iiii|>oilauf It has hern shown h\ Sehlot'siii" ‘ 
(hat the weiuht of moist uit' ahsoihed per DM) 
parts of (he diy uvatenals at ’Jt t’. fomi an of 
various rel.vtivt' luiuudities is as foIh»ws, when ■ 
eipulihrium ha.s U*eu at I aim'd • ] 


Ui'lative lliuiii'lity 
per <'<'nt 

1 otfoil 
\ (irn 

: noii.'d-otr 

1 .silk 

L’O 1 

;t 7 

[ 4 »> 

40 

:• * 

7 i. 

00 

7 r» 

' 0 Ti 

vSO * 

11 0 

! l;i 0 

W) 

n > 

IT 7 


For lla-x the tikiuix's uvailahle arc ''•*» at .*»<) ja r 
cent, lOO at 70 jH'r^ent, and 14-7 at 8.7 jn'r 
cent, for a fennHuatun' of 12’ ('. 

Tho exaet liu'urcs for any textile material 
vaiy slitflilly with tonnH'ratim' and with the 
ori^nn and tdatinent the tihre. 

instead of allow inu the faVirie to nnimin in 
an atmosphere fd detinite humidity Udore 
w'eJ^lhing, tho proi'etturt' .adojited hy the 
* ixaisr/Mdastrir Ntthonalf, 


textile testinfi houses i» to find the dry weight 
of the material luid to ealeulate therefrom the 
weiifht under normal atinosplierie humidity 
hv the addition of the so-calleil “ re^iin,” a 
lelmie whit'h expieswH the wfiglit of w'ater 
w hii h would hi' ahsoihed hy 1(K) parts of tlie 

diy te.Hiie after it had Imtu exposed to 

an (wo thuds satiii.ited with moisture until 
efpnlihniim was e^lahli-hed. d he legain 
stand. lids adopted liy the Mam lu'ster Testing 
1 lolls!' and the Hi ad fool ( 'oiiditioniiii; House, for 
(he luaH iials with w Im It we ai(> eoneenied, are : 

Cot foil • . H| |KT cent 

Flax . . J- ,, 

.Silk . II 

'I’hese lij'ines ufei in Hie liivt pl.KO to the 
law mall mils, tlieie is eoiihideiahle evideneo 
that III the luanufiu tilled htate the ngain 

IS ( iHm I U '“S oi IS mui'li less Mpidlv ahsoihed 

fioiii t he atmosphere 

'I'he div w.ivdit IS most naililv di termined 
h’v' v'eiv.'hiui' the sample while it |s .still in Hie 
diviriL' oven Appaiatiis for lies pur|>ose is 
sold I'V sexual tilliis l‘Apeiiments quotisl in 
the litindhtKik of lf->' M mu h< -i> r ('hmnfm nf 
i'ttnmit'rn' '/’< l!)l!{, show' that a 
tempi laluie of ItK) (' is most eonxuiiont 
ami will uve loustaut wurdit altei ahmit 
foH\ minutes druug, uudu the lx st l ondi- 
tioiis (he tempei.ituie luiiv, liowevi'r, lx' 

l. llse*' to III) ( without lippiei lahle (lltTeleiiee 
III the result <ih|, lined, pioiuhd the teinjX'ia- 
tuie ihstnia.tion Is iiuifoim The eiioi due (o 
weiulimi.' Ill the hot o\euis ne^hyihle. so far as 
the liuo\ iiiex efh'i t of the air is lomeined, 
for Hie aeuiiaiy n'(|uired in oidmaiv testing. 

tj{l) CorNTs Stiietlv hpeakiiig Hie word 
“(ouiit ’ lefus III the textile imliiMtiy to the 
yarn einploved in weavinu a fahiie, though it 
H often applied to the numher of threails jar 
unit lenulh in eitliei diix'itmu of the woven 

m. iteiial riie eomit of vain is in general the 
leiiiith jier unit weight, so that the hnesl yarn 
has the hiuhest eoiint I’he Hntish iinit.s are 
the ‘ hunh ” and tlu' “ jioiind ; for cotton, 
till' (oimt is the numlx'i of hanks of 840 
yanls to the pound, oi leas (of 120 ynids) jior 
loot) urams . for linen, it is the nunds*r of 
leas (of ;tt)0 \aids) ]x'r pouiul. For spun silk, 
the system of nnmlH'rimf is as for cotton; 

j but for thiown silk, whii'h has the highest 
atri'iniHi ]H*r unit weiuht, the nnmbiT is the 
I wenjlit in gr.'vms of a hank of 470 nietrea, the 
j coarser timad h.aving thus the higher numl>er. 
j The count id the yarn u.soil cannot la* deter- 
1 mined with any very great aoeurary from 
i testa made on the finished fabric, owing to 
the uncertainty invidvW either in stretching 
1 the uriravolled yam to remove the " crimp*'* 
iivpartial to it the nature of the weaving 
i pn»oesa, or, as & often done, in stretching 
I the fabric to the assurntnl hH)ra dimensiona 
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before marking out the length to be unravelletl. 
The rewiilta eati only Ik* approxiniately eonvot 
evt'H when the t<*n»i'‘n a]»|)lied in the same aa 
that Occurring dunug the weaving.* The 
ajHKilication *>f >.im (»f apj)n).\iinutely a 
eertain fount is imjHutant, howe\er, in ortler 
to ensure a certain resistance t(j tearing, as 
will ap[M*ar iaf^ r. 

Owin'i.' to the einjiloyinent of “ I’ounting 
glassiM ’ — eon'^istiMU of n small lens tixetl 
alsne a hiass ))lat<‘ in whuh an meh or half 
inch s*juare is lut in counlmg the nuinlK'r of 
threads ja*r null of the fahru, the woi<l 

counts " is als.^ uscsl in stating the cIohcik'ss 
of weaving. In dilTercnt jiaits of the «ounli\, 
and in ditfen nt mdiistnes, the warp and weft 
threads of a f.ihru aie sl\hal ends, recsls, 
seTts, » to , and pi-k'', shots, etc, reKpe<-1i\«'ly. 
The omnts i>f a fahiie, a< coolnig to tla‘ usual 
tra<fe signituaiue of the (‘\}irc*ssioii. do lud 
refer to the lutual nimil*ei of thic-ads |M ‘1 
iiK h, whieh nia\, of eour.s<“. in\ol\e fractions, 
hut t.i tiu' nmnher of Ihrcad.s whuh can la* 
hc'en in the one inch apc itun' of the counting 
glass, VC hull IS ohviouslv greatcT. Koi ac-io- 
plaiU' puipoHc-s the elosc-nc'Ss of thc‘ weave* is 
inipoitant in view of the doping process If 
the distance Ic’tvveen thieads |s exc <*ssiv el_\ 
Hrnall the* do|ie clocks not is'ietiate Is'twi-en 
them siilheicntlv to eiisuie gciod adlu'sion c.f 
the lilru : if the fahiu is too ecnii>e the 
jH'iietiation is excessive and the .solution luns 
through, ad ling Useless weight to the wing 
and w.isting the* sonu-wliat expcaisive dope* 
Uc'lativ civ coaise f.ihius an now caleiidc'icsl 
or “ Iceetlc'd " to I'c'dnee the inteistu c-s he tweell 
the- threads hy flattc'ning the latfc'r to a 
Hinaller ot grrater extent.^ 

§ (o) iSthi nc.'ii' \M) Mxtknsion.- Although 
it is cdivioiis that a stinple tciisile texst on a 
stnp cjf material cha's not rej»rcH*nt the 
Conditions occurring in the us<> of .i fahiie 
on ^ wing, where* the .strf'tiHc*H oc*ciir m both 
clirc'ctums simiiltaneoiislv . fcmipound-KtiesH 
testa are cuily made* in inYc*stigalor\ work. 
For routine contractual purj>osc‘« the Hiinfdcj 
U*«t IH em|do’ved, and since the object of 
Contractual teating i.s men*ly t<» coinpan* 
cfunlity with that of an ncccjited aaniple and 
not to provide data for design, the more 
compiirated and c.xjK'tisive comiKiund streas 
tpsta an* unnec<>Rsar>' in this connection. The 
relation of .sinijile to coinfacund stress tests 
will lx* discuased later. 

Tw(c tyfH*s of testing machine are in use 
for the tensile testing of fabric specimens : 
(i.) with constant rate cjf stretching, and (li.) 
with constant rate^f loading. 

* * Tlic t<*rrn “ regahi ” Is Munc-tmics spplvd tn fltc 

exteasffin prndrici'd by thus rc*in(»ving flic crimp fp'Ui 
the yam. This use Is urifortr. late in view* r4 tire 
stamlATcl adc'ption of the mrrcl for tJie iiioisfare 
absorption . 

* Sec r<cftnieai Report A.C.A., 10^5-16. 


j n.) ComUitit Halt Strdchhg , — This 
1 Ivix* has foimd most extended in«‘ in 
the Ic'Xtile inilufti}, c>wiug to the relative 
simplicity of construction and ojK*m(ion and 
to the r.i]>idity with which tests can l>o made*. 
Actoallv the r.ile of exlc-nsioii is not constant, 
but one j.iw :i ir '\c*d nt H constant rate and 
. (he true •aic ol extension is c«uulitioned to 
.scuue exf'^'i'l l > the i ite of movement of the 
KfC'orul mw to which the sdt'jss-iueasiiiing 
ilevice IS attac.‘(ccl. 'I'lu* latter may he a 
Buit.ihle spring lul.iiuc-. hut most of the hc*st 
example's arc construe fcsl with an iiuhnalion 
balance: the tape* or c h.im a(tachc*cl to the 
j.iw paivscs .»vcr anil u, lixcsl to (he np|K*r 
c xlreinitv « f a sm.ill cju.idiant humiiig one 
c-nd of a pividc'cl lever, (he longf*i, mdiallv 
veitic.cl. .11 III of the li'vc'r i inic'j a hc*a\y 
wciglit ,it iN lower end, niikl the height t<» 
whuh this wcit'ld is i.iiscd along a gi iduated 
c|iuicli.ciil ‘f a ciitic* IS .1 iuc*asiuc* ot (lie* Ffrc'ss. 
A Miilal'lc* c.cfih i>r indualoi is provided to 
icioid the* maximurn licighf rcnchc I. 'I'luv 
shape* c.f the* *inall iippc'r cpiucliunt a.id the 
nature of the contact of llu* chain oi lajie 
Ihc'ccwith aic* usiiallv so dc*signcd that t^e 
giaduatioiis of the* larger cjiiadlaiit arc uni> 
foindv sjiac'-d, hut the h.il.ciuc* should always 
he c'.ilihratccl. rnfoi t unatc'ly llu caliluation 
niu.st he |Mtfoimc'cl with the* halaiue at tc*ht ; 
the graduations ,iic* * .iisc'CjUenl Iv in ciioi, so 
far as the* tc*s( is c-oiucrmd, hv an amount 
\ai\ing with the product of the m.iKs and the 
lu c*clc*iatio of the* moving svsl'm; these* 
cpiaiititic's Will <d\ious|\ vary not only with 
•he* natuic and dimi*n''i('ns of (he spc-eimen 
nndc'i (c'sl .iiid witli the s|)C‘ed of (laversc* 
hut also with the* ch'.sign and cajia< ily of 
the* inachiiic* In spec itu .cl loiis in which such 
mac hmc's aic* allowed, llu M/.e and make* 
linist Is* slatcsl, othc'iwisc* vaiiations iii the* 

. ic'.^ults of tests are almost iiu v itahic*. 'I'ho 
U*Hl-kii wii of the* machines o| this t v j)C* arc 
the .Sc hop|M r and t he f toodhraiici. A'ciy. 1 gives 
an iHiistr.ition of the Scho])]S‘r machine. 

(ii ) Coufftuht Huh' of Loaduvj. - 'I'he “ (’on- 
stalit rate* of lo.uiing " niachines arc* lh(*oretlc;- 
; ally better, since the* indic*«tjonK should not 
I dc*|H-ncl cm the make and dimensions of the 
! iiu'u him*. 'I'he .Avery muelmie, whuh is the 
I ccmimoneKt e.xamjdc; of this tvjs*, has a hori- 
zontal l)<*am sujrported on knife-rslges : fpiin 
c»ne end, the shorter, is susjs*ndc*cl the upfK:r 
c-la nr p <•« frying (he fah^e, and from (lu* longcT 
anil hangs a container inb»w hu h tmal! shot can 
I Is* deliverrd at a c*onstant rate. The sfy-ond 
[ fahne cUnifi is fixed to a gear such that it 
i can 1 h* lowered, by hiuid, at th* rate nec*c*H«ary 
1 to kc^‘p the tloating hctnzontally. When 

the sample hn*akH the si^iply of shot i.s auto- 
matuulJy cut off arM the cpiaritity of shot 
delivered is weighraj, • The chief objection 
raised to this tVfx* of maehin^ is that oon- 
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tIriUOUM 14 to tllf Imnuii 

flimtiiiu lioii/oiil.tily tliintr.' thr tent : with 
cofist.uil J.a( <>l 4tiil>li iii.u iiiiK's iIr- ojicnitor 



!■ Id I 

« 

Ikw otil> (o Ml.ut (Ito mc< li,uiisni wIikIi piilK ' 
till' inoMiii.: jiw Constant talc lo.nimi' h 
nsjuinal l'\ all (hr I Iti ’lish ( to\ rt nmmt v|aii- 
linilKiiis foi aiiriaft t('\lilr' A in irhmr !>) , 
Avriy tisrd foi (hr |im|>osi- at (hr N itional , 
Physual lailioiatoiN p di. \ui iti Fi’j '1 

((i) < ’OM'I rin\s Oh 'I I \s|I i; 'I’l sr '('hr 
fart' IS nidnriiriin: (hr iri-nii of a (< nsilr t*-8t 
(in a uivi’M fal'Mr .iir : 

(i.) 'I'hr (Imiriisii ns of (h»‘ l«*.s( [iu'<‘(\s 
(ii.) 'I'hr latr of loadiin.'. 

(in.) 'I'lu' tpiantity of nioislun' m tlio 

Mpi'niiK'ii 

(i.) Ihnu //,s/oav' of tfic Ti vC/no r, 'I’hr rtlis t. 
of tlu' (hmrnMon.s o; (hr (r^t-|nrrr was stiahril ' 
by Stanfi'n and Booth * tor a lijdd rotton J 
fabrir, rnhiH'rrd on oiir sidr, and h\ Han ^ j 
for a •! 07. Iinrn fa bur .siirh a^ is nsnl for ; 
aon'fdanrs. It vas found ii\ both siuirs of ! 
t(VHts dial fot;^ sporiiiirns above t» in. in Irnixth, • 
U'tvux'n ja«s, and '2 in. in Audth, thr broaKinr ' 
Mrt'iw Mas pi aria ally indr|M'ndrnl «'f •linu'ii- 
sions : mIu'II the lrnct}i w.a.s h'aa than 4 in. oi | 
thi' width lr.ss''than I iiv. onlia^ood values for 
8tren>fth woiv obt urpal. 

Since it is diflirult foment tost piores to an 

‘ Techniivl hv^art A (' i . IHV.>-10. p. .si. 

* I hiii . I'.dC 15. p. 321. 


acuirato width and at the same time to 
ensure baving all the lont/ihidinal threads 
i ontmiiou.s, it i.« usual to make the specimen 
initially about | iiuh wider than is required 
and to fray out .sonu' tliieads on each side till 
the sperilied width is obtained ; tJie projecting 
liaii.sveise threads are not reinov('d. 

(11 ) Rat) of Jjtmhm/ -Booth ^ found that 
sdk fabric breaking at .some 7(K) kgs. per metre 
when loaded .it a Kite of Ik'iO Kgs., per metre 
ji< I mimite showed .i Lrradiml iiierease in 
appuieiit streimth with nioie rapid loading, 
the iiKiiasi- amiMintu^g to 1 ll per cent when 
the i.de 'W.is laisrd to 4 <HM» kg.s per metre 
p< I nimiiti' B.iii^ showed that a linen 
fabtii whnh luoke at ll'.K! kgs imdie at a 
i.ite of lo.iding of (1:1 kgs.-met le-miiiute had 
an app.ireiit sticno(h of kgs -metre when 

the i.it<‘ was IIKMI ku's -metie minute, the 
iMiK'isi' 111 (he Meotdt'l breaking lo.id l»emg 
loii'ddy piopoitioM.il (o till inwrrasr iii the 
lo^.iiithm of (hr i.dr ol lo.idiiiL' 'I’hr e\[)rri- 
mrii(s h,i\« H'Miids hern cnI -ndrd to cotlon 



Cm 2 

.siirh as is u.^ed in the const rurt ion of balloon 
fabric, with somewhat .simikai n'sults. 

(lu.) liffi'fts of // a/mdfty — The efTocts of 
atmospheni’ liumidity ba\^‘ hci'ii studied by 
several ob.ser\ers. 'fontative rcvsults for a 
cotton uni) and a fkvx canvas woif published* 
in W't' the Manrhe'^ter Chamber 

’ Ttrhnif'til ltt>ftort A (' A , lOlO-H, p. 57. 

1014 15. p. 321. 
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of Comuutrcf Tiding 1913, shovkinp , 

that the strt'unih vane<l by i 3-5 jx^r mit ^ 
ainl by 4 8 |kt cent n5«|)eetively for a variation ! 
of ^ ifl in the iK‘ixenta)ie relative huinnJity j 
of the uir of the lalxiratory. Barr ^ deter- j 
nniuMl the vanatioiir? for cotton and linen j 
aeroplant* fabric, n.sino an eiuloainx' aionnd | 
the jaws of (lie testing machine in whnh the 
humidity could be ‘^■1 at any de-ar<si lignie, ' 
an<l fouml xariationn of 3 25 ami 3-5 pci cen* 
for each IH pi*r tint iclatue humidity. a 
result of these tests tlie suggestion a as made 
that for (outiactual mirpo.ses reproducible , 
results u<uild mo'^t ic<idd\ 1 h' ol)taflSr<l if all 
s.imples wen.' soaked in water and ti'sted wet, ; 
so (hat the c<)ndition of the f.iluic wouhl , 
Im‘ mdejK'iulenl ,f the h\grom«'tric state of 
the air the sticngtli of soake<l s.imples 4if 
the aho\e fabiKS w.is found to Ik* 3-4 {h-i 
cent gieatei than that rahulated for pei 
tent humidity I'his ,,,n u adopteil, 

and all fabin spct ilicat ions for aeioplam*' 
dunng lh(' war (inliodied tlu' wet t«*''t. In i 
the most ns'cnt spe< itica( imis prepued b\ (he i 
Ihlti'-h I'Jimneeimg Standard- As^oiiation the j 
wet test h<is bts'li (hopped, alid (e-ts ate 
nspiircd to be m ide iindei orihnarv atino ' 
sjihei le ( ondition.s, the humiditv being i emulated 
m cases of disputi' to (io 7<» pi i ( i nt of -atuia- ' 
tioii. It IS hoped that some ( heap and M'hable 
.system may Im* cvohi'd by whi< h the humidity | 
of the an inav he autom.iticalls (‘ontiollcd, as 
picM'nt metluKi.s of lowi'img the humiditv 
when necessars’ ai<* md \er\ -<itisf,i< tors and | 
require e\|H nsi\e plant. , 

t} (7) Mltiiods am> llisuTs or Tt-is - 
I'he AmeiKan So( icty foi ’r(>Htmg M itena!- j 
]iiopo.H(*d fHHK) that cotton fibins shouhl Is* j 
t4*stcd iindi 1 till' condition.s v\hich o<fur in i 
the loom, being weiglu'd immediately before j 
the teat and again aftsT being broken and j 
dried (f) ((instant wi'ight in an oven .it IB) | 
Kioijj till* inoi.sture content deduci d from these ; 
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a sutisfiKi'tory manner the ncc'csaity for regu- 
Uiting huimdity. but ontxilH a somewhat 
tedious imiKtute deterinmation. 'riic eab 
cuhition is bascsl on the a.H.snmplu'nH (u) that 
the stand:.rd n gam for mamifaeturisl I'otlon 
IS ♦( > fsT ecni of tiu' diy weight, (.'i) that the 
aetii.d regain is '.I'twi'cn 3 and (‘c5 }H*r eeiil, 
and (c) th It ! fs'r e(‘nf ix'gain Isdwas'U these 
limits cat s» ' an mere.i ,e ni strengtii of (I jH*r 
lent. 'I'be corn ted strength is thus oliw'rvcsl 
strength V BM) (d • u ”d ItHl i (ti B). where R 
IS (be (di.servcd regain. 'I’ho basis of this 
spei itii'ation was a paper by Haven and 
\eaton, published ni Balt I of their Pro- 
for that \ear, of wineli tlu* resulls 
wen* biietlv a- follovv s : 

(i ) Icariooi yh o(//v. Cotton wing fabric df-ply 
SO H \arii iiMfori'.iil iiiidcr tiiision, threads 

jM-r incli in w.np and wilt, wiiglit 1 o,' ju r sip yd. 
rnil rcgiiii 111 stand, lid a( iiio-jilu n- S pi r cent of 
dr\ weight Tin* I'SJ-ile sin nglh. d< Icrmined on a 
.Ni.tt iiinliini with I. lie o| exteiisinli 12 iii ]ht 
minu(< . wa-, Innn sinoothi'd mr\(', 

At icg.un per ( enl 2 1 <• H 10 

kl.h-iiKh . .^(U 3 (,.3 It (.HI 717 711^ 

lancn wing f.d.ri. (ourtr.ii lliiv, IB thieads per 
inch, .3.J (u p« r M| yd Noiinal n g.iin found to U* 
p( r lent 

At regon per (’('lU 2 4 •> H lU 

1,1.- iii.h •''.H .3 '.HU 7(13 H2 7 87 1) 

Twi>-pl\ balloon f.il.nc. diagoiiid doubled, total 
w.ight II "/ j>* I s(| sd , 1.33 threads per inch waq) 
ind w« ft I'nll n g.iin 7A pi r ( ent. 

At r< g.iin p< r ( ( ni I 7 0 

LlH-imh . 71 r. 7H IC. 108 8 112 2 

Woven tvn fahne 23 thre.ids p('r UK h, of a\o. 
23 \urn plus! II liineH, weight I7i o/. per s(p yd. 
Normal ogam l> .■» per ((lit. 

At r'“}.'riin p( I cent I 3 5 7 0 

Lbs -in. ■ . . 102 22r> 248 2i>r, 274 


Kalirii*. 


Pi r cent Ucg.dn 
at -0 p< r ( I 111 
llumidifv 


Wdgiil at 
0 |M'r 1 1 nt lO'gam. 
<)/ |H I Sij \ d. 


III' rc.'ise per cent (»f 
lloii" Drv Strength 
lor e.n h 1 per cent 
,MoiHtnr<; Jti'guin. 


Chceso cloth 

lo to 1 

J .7 4 

Men 'nsed (■ott(.n wing hibnc • 

10 33 

4 IKl 

Bag Hhccting 

10 88 

.7 48 

thnnihurg | 

’ 10 88 

8 JO 

to 88 

8 M) 

Tvre f.ilino * 

0 OO 

17 3 

Belt duck • 

9 79 : 

29 1 

Heavy duck ♦ 

t 8 22 1 

I 49 ;m 


2 b'J 


4 91 
r, 98 
(J 09 
f. 97 
*9 .73 
17 12 


♦ I'oldcd >:irns. 


Weighings the strength Ls calculated to that j Haven has since extoftded the range of 

which would have bwn four i under stanci'.id l fabrics tesUxl, ajid ill Pr*K. Am. S(Jc. T.M., 

humidity conditmns. The method avoids in j 1919, Bart 2, givea the •results shown in the 

‘ Technical Rfport A.C.A,, 1913-^14. p. 405 1 above table, • 
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ILiVfti (lodiK (s froMi lii'ui'M :iii ,_ivcr.^«* 

ti'*n liitf (‘([u.d ti* ' Wfijiht It) 

vi f'O' the it) Htinij/lh |h‘I 

J jict irnt ir^iin- drtu,ill\ tliry \cty 

niiK fi ni'in* clnHclv' Uif/i .tn /tvcr.i^c of 20- 
(■♦(jii.irr n».)| of wi l''ritni (}i<- l.UO r incjtri, 

whiiii f>«- (>>in‘((i»n |»iMj»iiiti(iiMl tu 

tiu* ilM-incfci Ilf ihc yim, tin f.ihiics uith 
foltifd Viiirn ■iliii\v t In* ilivf il''*ihts. 

(il.) Tunin ' 1 In i>n itm nls 'riinn*) (iirijml)- ) 
liHlicd ( oniimifii' .itioii, 1020) luis t<*^h*«l 

riitOiii l.ilmt's wcnfliiiiL’ fmin 2 1 In 
fl'H ( 1 /. pci Hi|. y<l arid fmiinl tlial |Ihm,.iim 1 
a iy;r»'y faftm aii'lmiu 7 (in/,. p< i \il ,;m\i* 
incjin Hj, MS, 0.*», ,iini OH jici < i nl 

iif tin* Ucf wild) ti hIc.I al iclalivi* 

llllini(litlr*< |cS[)ct ti\ cly .’ll), .■))), 70, .im<I 0<> pci 
(HMit nf H.itiiial mn • lilt a* 111 «1 f.iltiii* u'axc a 
Hinillui piadicnt, lull the \m>I shcicitli was Inwct ■ 
liy 2 pel ceil I 1 1 1,1 II t h.it at 00 pel ( ( III liiiiiiidil \ , 

l*\»r iiicKMisid 2;l>0's v.iin woven iiilo a 
4*1 ()’/. f.iliric he fmind Ihc fall in Hlieie^lh 
h<‘lween the liiirlu'sl and the h>we,s| hinmdil\ to 
Imi only cipml to ti pci <cnt . this is in inaikcd 
cuntlasl to llaMii's le.iill I’oi linen fihiics 
^eiyhini' d to 1 o/. per m(( \d llx* iin an 
Htrenelhi found were Os, 72 so, and 01 pci 
cent of the wet sticnylh when tesOsI at relative 
linimditiex rc-spei 1 1 \ e!\ dO, .70. 7o, and OO per 
cent. 'L’hcse rati n \aiied \ei\ eonsideialilv 
aftor W'ealheiiii" Hu^liiici li.is pointed out 
(tinpiibliHlx'il eoininnnieal ion) that the lalioof 
wet slreni'lli to ‘‘airdiy ” sttenutli of loUoii 
varie.s with Ideai hiii)/, "ith si.miiRy;, etc 

(lii ) llu)n{ilit>i itfht luitf of Ko,t'{iU(f The 
vaiiiition ot stieiieth with the hv^iionx tin 
Htatt' of the lor does not appeal to h<> inllnein eil 
hy till' late of lo.idini> ' The laiLje dilTen in ♦ s 
Hi liuniidity eoetlieiciit ’ of the stieiiyth 
rejMirteil hy dilleient utiserveis for fahiies of 
Hiinilar weie.ht ina\ (s' due in part to eruns of 
o.xpeiinicnt. hut it is pe hahle Iho most of 
the duel Hence i* reallv one t*. iliehf ilitleit'iues 
Ix'tWi'i'li the iilateli'ds. 'I'hi ineie.i'C'd st relict h 
[inxlueed h\ nioistnix' is [neMiinahlv due to 
ineiea.sed frietion between the lihiws of the | 
yam, eainsed hv the swelling of the (lines, j 
rather than to an lutual iiiipnn >nient in the 
dtrt'UHth of the lihres; tins is Isniie out by i 
Haven .s latin* results, since the inen'iist' in 
fiiotioii would !k' e.\peet«'d to U' liivatoat m 
the stoutest yarns. ('oiiseiiuentlysnialUhanees 
in (he siirfam' of the fibiv, due to diflferenoos in 
age, in bhviehiiig, oj* other nemufacturing 
oiKirafions, or m the twist of the yarn used, 
would 1h' ex|K'etdl to alTeet the humidity 
eoeftieient ei'iisiderably. t’orreetion of the 
results of test}# by the a*jj»p!ii*ation of an average ' 
value for the eotdlieient will nbt therefon' lead ■ 
ts) »ueh eoneonlant' ligures in the comparison ! 
of the sivme fabric at ddTen'pt times or places i 
oa insistence ^on testiAg at a |ti\ed hvgrometric |. 
* Barr, rrcAaffaf Report A (\d., 1011-15, p 321 ' 


! state, such as f>(» per cent of saturation or 
! soaked in watt'r, though the errors should un* 

I doiibtedly lx; less than are produce/! taking 
I no aceoiint of humidity. One other hygro- 
j metrie state has been jiropo.sed, viz. testing 
{ m the “ bone dry” condition: tlii.s has little 
j to leeommerid it, and if tests are made by 
removing from in oven to the machine the 
moisture absoiptioii d"nng thi' transference 
and opeiation is lajad and vanalile, 

5 (H) CoMi’oi.Mj Stklsm Tk.st.s.-- F or pur- 
poses of design it IS nc(es,s.ii v to know what 
icl.itiou .subsists between tin* ti'iisile strength 
and < xti’^hsion ;i.s found by tests on stiips and 
the uiei !iani<*al juopcities which pertain to 
tin* f.ibin utniei tin* conditions of its use on 
fin* wirm when* it is in a \i'iv diiri*ient state. 
Ill (In* hist pku c, it IS always doped, and the 
plivsn.d piopcitics of ,i doped fabiie are very 
ilillcMut fioiM those of fin* oiiL'iual niateiial, 
so dillcinit, in fait, tliat tin* < liaraeleiisties 
of tin* nil lo[)c(l f.ibin* ,iic of \erv limited use 
in picdnting the bili.iviour of the tiriished 
wmgiovcimg" In the ,si*(ond [il.iee, tlie 
apple itioii ot I tension in one direction or of 
a livdiost.itic p'cssuM' siu II as is experic'iiei'd 
m llieht ie.-.ul(s -a ,i sti.im ot the thuMds iii 
both wai|> and weft dir(*i lions, smei' tin* fabtie 
IS ti\ed to the fi.imewoik at frc(|ucut mteivala. 
'I’luswill be t In* most loiivinient place in w hji*li 
to tie It of the sticss - st ram lelations of a 
dopisl f.ibiu till' })i< blem m tlie e.ise of un- 
doped ni ot lubbcied t.ibne is of little interest 
m <'omie<*tion with wiiig f.ibiic, though iin- 
poitaiii 111 aiislup woiK 

I In* iin tliods of ex.umiiat ioii of fabric under 
loiiipomid stress which li.ive proved most 
s.Uisfii< t.n V foi airship and most other fabrics, 

N 1 / tin* .'ipplii ,it loll of s(ic-,ses to cross-shapetl 
test piec(\s and (he bui,->lmg of bags of the 
fabiie, do in>t iept'odin*e the phenomena 
o<*vunmg wlieie the edgi's of a uetangulai 
.irea jih* fastened, as m a wmi;, to a im^e or 
less UL.i*i suppuit |•I.u*tu*ally the only avail- 
ahh' iiietliod IS to il.imp ,i frame <*n winch 
♦he tvhiK* has been strettbed and dofKHi to a 
<*haniboi m which plc.s^u^e lan be a[)plied. In 
Figc's exjH'inuents .nr pn s.sure was used, 
the elmmber Ix'iim eonms ted to a laige reser- 
voir of . oinfues.sed air : Turner has nioditiod 
the method by interptismg a l.iyer of rublvcr 
alnvt U'lovv the f.ilme so that tests can be 
made on unproofed or wounded six'cimons 
w'llbout the eirors attaching to i)rt\ 9 sure 
measuiements when rapid leakage occiirg. 
Since, as will appear in a later section, the 
tensile strength of fabne allows a large “ factor 
of safety” for the stie8S(|s which are likely 
to arise in (light, but this factor lx*comeq 

article on " Ag*i>plane Wings, Tlie iXipinc of.” 

* Tt'chmaU Hr port 5i.(’ .4 . in 14- >7 

* t't. \livi , 11)17 ii}, " On tlio SuitabiUty of Cotton 
Fabrics." 
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rapidly nxluced oiue the f<ibric ia locally 
dainaged, teats to destruction of uiiwoundctl 
fabnc under c(>mj><iinul nIix^ns art‘ not of 
imrncAuito imu tical apphcatioij : jt is in 
conneition with testin;' for resistance to 
teanng that appuratus of tins nature is iimsl 
valuable. It is usidol, also, howevei, foi the 
detonnination of e\l<'nsibiht\ at low piesairo, 
tli(JU)ih tht' coi relation of the iwults with 
^tix*«s-.stnmi deteiijunatitui.s math' witli simple 
tension ina< hines is soim*\vhat involvtsl. 

Apparatus fur rc<-onlino uuto^rajihically 
tlie \atiation of stiess^with stiain durum the 
testing of ntiips IS luo.st i«'adily .ulapteii to ! 
imu hincs of the ‘‘ constant late of e\ti-nsion *’ | 
ty)>e, anil has been rmieh useil jii .Amein a fur i 
tlic ch.iivn tei i.', itioii Ilf fabnes.* Sii(‘h i iirvrs j 
arc elnetl\ useful in the <omparison of du|M-d j 
with undupe<l fabric and to tiaee the i hanoe.s 
u( ( lining in dvipid matin lal on e\|H>.siiM‘.'‘ It 
IS Hut legdnnat“, liuwe\ir, to ap|)l\ tin* einves 
in all < asi's t<' tin ('valuation of the stresses 
oeeumng in aeiuplanc wings undei compound 
strain, Hinei' the sticss m the thieads m on<> 
<lue( tiun coriespunding with a gi\en e\t<msioii 
1.S nut md< pi'iident of the stress existing in 
those* at light angles to them. 'I'his is well 
illuBlrated in the casi* of balloon fabiie In 
the ini'asuieinent.s recordid by Ban,' and in 
<111 article bs Haas translated in Htjiort <>/ 
Xahoiutl Adti'^oti/ ('inniii.tli' for .It/e/ciah' >, 

U ushiiigton, ltd 7 A coinenient method of 
plotting ttie lesult ( of stress-strain deteimina- 
lions made Kimull.ineously in two directions 
is de.scnbid by K\eiling.* 

§ (it) 'i'l' Ti ST.S. - - 'riu' clTcct of a 
wound on the «t n iigth of a fabric was examined 
liy B((oth,'" who found tlnd for siiiiple tension 
and lineal cuts there is a " danger reetangle " 
sucji that the breaking stress of a wounded 
specimen is indcjiendent of its are.i pr(»\i(Usl 
the dimensions of the spocumm exieed th(»Hc 
of yns reetangle ; r g. for the eiitton fahiic 
us<>d hy him, the " daimer ix'etangle " for a 
J-liich eut WHS U’ A :r, increiusing to t}' <,9" 
for a J-ineh cut. In comparing two fabrics 
for resistance tn tt“iririg or in inve.stigating 
the effect of the length of cut <m the strength, 
it is e((nse<[uently necessary that the test 
piece exceed this danger rei tangle : for large 
cuts the orrliiiary testing machine is no longer , 
appluiahle, but Fage * extcnderl hhs measure- 1 
ments to r-uts of 2} inches, using siHx-imens 
up to 8 feet x 3 feet : an undoped linen fabric 
which had a tensile strength of 1460 kg8.-mctre -j 

* So(' Rrporl of Sniuttinl Ad-iJior}/ Commiller for 

Aenminticg, Washinirtoii, 1017. | 

* Sis’ liarr, TfchMJroi Hr port A C'.A., 1912 13, . 
1913-14, and 1914-T'i, and Auslcrweil, Dir atmc' 

*wandle i'hrmv in <lrr Lujtfohrt, 1914 

* .4.('.i!l. Reports and Memoranda, No 231. 1916. 

* Zs. fiir Flngtrrhnik U7ui M>)U>r-LujLsc/nJff'J^ahrt, 

Jan. 31. 1920. • 

‘ Trrhuiml Rrporl A.CJL., 1910-11. 

* Ibid., 1914-16. 


I’l the warp when unwoundtsi had a bnvrking 
load of only 233 kgs -nietro when a eut of 
2| inches was made lu the middle of r test 
jnci'c ot this M7a‘. 'I'lie eurHu's e<tnm'eting 
breal.uig hsid with length i»f cut for dojM'd 
an 1 undtUKsl fabiie may iiitersect, so that 
ah<i\e a (crtiin length of cut a do|><'d fahrie, 
nntial'y (‘ 'isideraMv strong«*r than an uii- 
do|M*d, iii.ix oe flic w 'ukei. 

KxpeniiK'nl on tlu' n'sistnnre to tearing 
hy flu* “ wound “ method havi* giva-tl ivslilUs 
ol some impoituiui*,’ hut the wound blix'iigth 
IS not \erv seiiMtive to xaimlions in the 
mal<*ii.d 'rurncr has pointed "Ut * that 
nndei ceilain < in iimsf.mc* c.f/. le ar points 
of atf.ichmenl of iiggiiig, ((airiig <>{ an aero- 
p| me fabric inav otiui by a melliod mote 
clo-flv resembling tin* lipjiing of fabrics liy 
hand, and lli.il the icMslaiut* to lljipuig IS 
tiiucb moix* HeiiNitne to ( luingcs in strmturt' 
or (oiidition of (lu* fabiie than is tlu* wound- 
stn*nglb lie d(*scnlM's lw(' |uoeeduix's fi»r 
estimating tlu* “ iip-stnngtb." In (lu* first 
a sp(*<imen 2" ■ ti" is < ut leiigl !iw ist* down llie 
middle b/i 1 im lies, and tlu* tiwir coiitiniied 
b\ pku mg (be tw<f limbs m fin* jaws ot ffu* 
inaebiiu* so that the biu* of cut follows the 
line joining (he ((iitns of (lu* jaws. In 
tlu* se( olid, a tongue 2" A" is cut liom the 
middle of a fi” ' S" 1< .st pii'cc, and Hu* tongiio 
gripped III <*iu* jaw wliilc (lie whole widtil is 
gripped in the olhci. 'I'lie seioiul method 
apjK'ai-s to Is* piclenibli*. us tuving a more 
svmmeliu'al iirrangeMunt. 'riu* iiji strength 
is found t<) be gicalii, (lie gieati'i the frt*edom 
of tlu* Nanis to slide, and Hie loarst r and k*HH 
e'tciisible (be yarn. (ontinuoUH lURterials 
siu b as sheet nu*l.d tear In- ripping miicb inoif! 
leadilv for a given lensik* stienglli of uii- 
woiinded substance tliaii do fabric s. 

Only ti few te.inng lists !ia\(* b(*('n made 
uiulei c<imp(aind si rain, and tlicsi* mostly 
by He '■ wtuind strength"’ method, though 
\Vuh*n has KceriHy'* uiv«*n (he I'esuits of some 
tongue tests on tixed fahiics, Fagc gives a 
eompanson befwei'ii Hu* n*sultH of (/cnsile- 
teanng and pn hhu re - tearing exjKuiments. 
For tlu* former a sheet of fabric* 6" / 3" to 
0" tr w.as subjectisl to a constant stiess in 
the warii hy means of the Avery machine, 
and a transverse central wound made by a 
tajK'ring blunt knife wiiicb enlargeil Hie cut 
until the apjilied stress became the tearing 
stress for the sjieeimeii ; the length of the 
cut for which this oeeurred ^as obtaims! 
from the dejith of jK-net ration of the knife. 
The bursting tests were made by njiplying a 
constant air jireBSur# to a f/lioot of dojied 
fabric stretchcif! over a frame 24"' x 6" : a 

’ A.r.A. Rrports, 1913^15. 

• ibtd., 1918-19., 

• Rrport of yatwtuil Adrytory Committr^ for Aero~ 

na*Utrs. WaH)>ingt<]|i. 1920. a 

»• Technicai JlUport AX\A., 1014-B. 
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woiitif) u,i> till’ll m.ifli* m tiu’ l>y riifuiip j 

of tli(‘ H.unn kiiifi*. till' o| \vhj<l» was 

Much flint It l>l->< k.’.l (i|) till- lioli- HO ns to ' 
pn'V'i'iit lajiiil l^•tl.ka;^'o of air. I'loiu tho 

tt'tnili' trdiiiiLt '^tM'lliztl^ foi it h*U''th of I 

<’iit, ami till- cxti’iiMoM at tlw' fnnstin!4 

jircMOiii* for ,i iikn iiiM’ii ol tlic (litiirri-oons of 
tho Munipl' H 11“'* fl (or till' liiintiDj' t<•^ts Wdn 
( iilnil.itoil tioMi till’ I' lition [jicsiuii' tonsilft 
str«ini/tli lU'luH of iiiiv.ilim*. tiu' InirMtirio ! 
|)rrM"iiiM^ Ho ilcdii ' 1 il u«*ti* ])lott<il .i;'iim.st 
ii’iiurtli of lilt Of! flic (ii.i^i.iin IS till' 

ri'Huh-i of tlio l)HiHlitio ti nta, jmkI tlir two 

rtoiii'i ooml aoiccmi lit. In tlirno toHt.s 

Hu- w.ii|) lliicml-’ urti- hi-m’i’mI, flit- warp in 
till’ liiitHiiiio lApi'iimriitH Im’iiii.; mi thr 'ilioilor 
(liriMtion of f hr fiaiiio. •^iii'i' tlw lincii failin' 
iisp'l w.iH moio (octrimlfli' HI till' w.iip than 
in till' Ui'ft, till HtM'sH s on thi' w'lt at ni[itnir 
inns* halo hrrii ( on ailor ihli' In the iKiial 
fui'lhoil of appUmi' tliiH tal'ii' to ilio wini's, 
till' Wl'tt, IS I'll' <lll'l I'tloll Wlinll H IlM'il it till* 

more fri' jiii'iit intrivaU, / to Ihr iiIh, lln> 

strrsM'H in liu' diii'i'ion at iii;hl anuli'H to llir 
Mlnnti'i li'iiolli Would he stnallri t-n .i iiM'U 
('kIi'iisioh III lilt' wrft ( n tins an ini!;('m*'nt 
than for (hr 'ami' I'Xlrnsion in tlu> warp in 
Ka' 4 i'’s I'Xpi'i iniriit'i It ni.iv Innri' In* con 
chnlcd (hut. foi wounds ni ilopi'd linen of the j 
llilturc coiisidi'tcd, sticssi's 111 the dllcctlon i 
of (h»' 4 l<'ni>th of the cut an* without inllnctuc 
on the tcaiiiuj '*ticimth. 

<i)(IO) SniKHsi'S IN ntr. I'’\inu(’ ok \ Winh 
-S ince the dnlancc hctw'ccn the ifhs is sin ill I 
coinpaicd with the choi 1 of the wmz. most of 
the picHsiiic occiiiiniix dniinn Ihuht will he ■ 
carricil, hy the _\arns at luht an-'Ics to the iihs, , 
espi'cialU' il, as is usual, the cxtcnsihiht \ is j 
the smaller in (Ins due- (ton I'lid"! the j 
uniform air ptessnie, the fahne will htil-'e ! 
HO (hit tho .section pi'i pen 111 tilai i o the iihs I 
IS an aie of a t in le ; lor tlie sin ill e\tensions 
oei'Ui ini'; It 1ms h '.'ll show n ' l'\ font's that t he 
rediil(m'.i tension is ,<i\en hv 


wlu'i'c I is stress per unit length of the lahne. 
/I, pressiin' fier unit aix'a, 

</, rlustanee Utwis'ii the rihs. 

extension of falui'’ per unit len^jtli. 

Tho (list lihntion of jirvs.siiro over the suifaee of 
sonu' t vpie ifi wiKirs has heen cieteiminetl hy 
wintl-ehaniit'lexpeiuiients, fora eerlain iierofttil 
it \va.H fouiitl tliat the maximum .suetioii which 
can occur on t^o upfx'r surface i.s l-.i.u ami 
the maxitnum pix'ssun' 5n tho*lowcr surface is 
d 'Opi’*, w'lioiv p is ^he density of flu' air ami 
V the air sjfitMMl : the gn’atest jHxssihle pnxssurc 
will thus occur if thciv ia a Icik in tho winu mi 
• * 

‘ t'f. .^ont'^, TtfAm'nd vt.r..l , 101 L' 1.1 


the lower surface at the point of niaxinium 
piehsure, the rest of the wing being air-tight, 
and will amount to 2 0 pr^ tending to siu'k the 
fahne ntl the iijiper .surface. 'I'licse conditions 
could only lie icahsod when the maclime 
liatten.j out vciy Hudtlcnly after a steep dive. 
For tlie ca.se cmisideii'd hy .hmes, ribs 0-92 
foot afiart, an sjiccd KM) m.ji.h., the lift on 
the w'lims being mme than six times the weight 
of tht' niaelmie, the maximum tension in tho 
waft of the faluu' is eah nlated to he about 
14 IIks. j»er Ill'll, that on the warp being 
assiiinetl /CIO, ami the^naximiini force tending 
to tear tlu f.ibiie away Iroin tlu' nb is about 
S lbs. pet inch mil. 

Fagf lias |)ointe<l out that in tlu' neighhonr- 
litiotl of tilt' leatlimi and ti ailing etlgi's the 
.issnrnption that all the Inad is tak('n hy the 
weft <a lianH\t’i>t' thie.iils is not jnstilie<i, 
and has e.ih nkdt'il bv a s.unewhal laboiuiUH 
mi'tliod of appri'Minat i' 'll tlif >tK'ssrs Ml warp 
ami Wl'tt at ihll.'ieiil tlistaiues frohi the.se 
(dgt's For a .slightly tljlleient wing, in 
wliifli the III) spat mg nie.isnretl It im he.s, 
with sjinikir abuoiin.il londitions of loailmg, 
speetl KM) m.p.h , ami h!( foiii time.s t)i(* 
wtight of th( m.ii liine, he t ah 'd ites, allowing 
a bu'tor of of J on (he maximum 

an [ut's.suH's dtdmetl fioin the w ind-ehannel 
t'Xpi'iiment.s 

Fppt'i '-inf.iet' of wmg. m.ixtmiim longi- 

t mimal ( w .u p) st k i>(' d lbs m. ,if the 
iios' emi . m.iMminii ti.iiisvei.se (weft) 

'• less. i>.{ I lbs ,m .d a disbou'e of of 
the < fiott! fioiii the It .iditu: ('ilgi' 

l.ower sin fact' of wing, m.ixinuim longi- 

tmhnal stiess, 211 (’> lbs in. at llm nose 
eml , iniNimiiin traiisMise stu's.s, 23 9 
lbs III at II distance of ( of t hoitl from 
li'.itlni; t ilgr 

From his('ur\es'‘ tonneeting teat mg stress 
with length of cut foi tlu' fa»)iie eon.sici-red 
(to/ linen filmc, .ibout 90 thit'ads [kt inch) 
lie ostimates th.it u toai of abt'ut 2 inches 
; wonl'l be neee-.sai\ In'foK the fahne could 
I fail untlt'r the mo-.t si'\4'il’ t onditions <*1 loading 
! oeeui I ing in tlighl 

j The high lignrt' suggested by .)ones * for 
the foiet,' tt mling to pull tho fabric (df the 
i nb led to exiM'umenIs .it the Koval .A.ireraft 
! Factory on the bt'st metfiod of tixnig the 
, f.vbrie to f'le framt'wmk Insteail of the 
! older methotl of tacking tlie fatirie cither 
; dm'ct or tut an exti'inal l.itli to the surface 
t)f the nb. the exiH'dient was tried of sewing 
i the top and bottom siib'.s of the fahne to the 
! rib by strong waxetl eoml passing through 
tlie fabiK's ami round the rib, the coni lieing, 
km tterf 'ifter each stitch; thus was found to 

* TtrAaim/ .1 C 4., fill > i:». 

* K,sgt', Tt-r/intr^il Ih'fHtrf .1 (’ 4 , |ni4- 15. 

* Join's, T^rhiuCiU .!.( .4 , I')l2 13. 
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give greatly increHae<l fctrongth, and ia now 
adojitiHl on all English machines. I'he stitches 
a’e made e\ery thu^e inches along eai h iih, 
and cord is snhsequently covereri with 
frayed falx' aolutioiierl to the fuhne so as to 
jm'sent a sin(*other surface. 

§(11) EtFLCroi- Emu'^I'KKOS TllKThXTILK. 
(i.) Kfferl of i^utilight. — It was recognised 
M'ry soon after the dcvel(»|>mcnt of tlu* 
ru'ioplanc had hegun tliat a < omparativelc 
shoit expoMiri' of light (otton. linen, «)r silk 
fahnes to the wi athcr was aiiflidcnt to jirodnce 
scriou.s hts.'i in strengt|j, e.s})ecially in the 
summer, when a imuith's weathenng caused a 
reduction of 4(» per cent in (he .stienglh •>( 
an undojicd linen and of neaily as much for 
a iloped linen.' 'I’li.it nuwt of this deteiioi.i- 
tion i> diu' to the action of the a'tinic ra\s 
of sunimht WHS slmwii hy eompai.di\e exjit'n- 
iijents iindci luhy glass and coloiiiU'ss gla.'^s." 
'I'hi.s Mew was (onfnmed and amphiii'd in a 
sc'iics of Kpoits to the Ad\isoiy ( ominitti'C* 
for Aeionaiilu s fi(im lillo to 1010, l)<»th fioin 
the X<itioMa! I'h,\si<al J.ahomtoi} and, «"'!»<< i- 
ally, fioin the lloMil Aii'i^ift Estahlishna'iit 
It was found that when litdit was e.xeludcd 
h\ mc'aiis of the daik k)iaki-< filoiiii'd ]uot('( ti\e 
vaiinsh, !*('. 10, doNiscd h\ Hamshottojii for 
a]iplic>ition o\er the dc^pc'd limn, the' late of 
los,s in stienuth was ie<iuectl to a \eiv small 
figuic. r.(/ 20 |xr cent foi one xcai's expoHuix* 
at Karnhoioiigh 'J'he dctenoialion was inoix' 
lajad and the* (fleet of an opa<jue (o\<nng 
moie jiioTioimeed m tiopn al oi siih-ttopn al ('.\- 
Jiosurcs,'’ d’he w liter made juints on hionude 
)»<if>er thioiigh Rjiei miens of doped faluii 
weathered in Egvpt. whuh had i('((n(‘d (oats 
of IM'. 10, ifd, wliite. and Mm* enamels, Mack 
paint and doyr^ only, and found that the 
order of nient in reR]>eet of opa< it_\ to such 
rass as ait on siher hiomidt' was the,' same as 
the order in re^jicet of strength retained. 
A.stor^^ attempt(‘(i to locate moie (htnntely 
the [losition in the speftnim of the dcHtnictive 
rays, and showed that in exposun to the 
inercuiy aic lamp tlie strone radiations at 
ntiOO A U. and It HO A.E. were efTi'ctive in 
weakening linen threads, while the MsiMe rays 
w'cre not. He wn.s n(»t able t^» obtain eor- 
rolHiraticm of tlu'se ri'sults in English sun- 
light, however, owing to the small intensity 
of the light dispersed in his sixctrograjih : 
the probability of divergc'iice lx*tw'(x*n the 
effexts of exposure to the mercury arc lamp 
and t() sunliLdit had already Ixs'n notcsl by 
Barr® in eonncM?tion with balloon fabrics, 
tropical exjiosuro of which dcteiiorat-cd the j 

' Barr .and Thoma% Technical Hepoii A.V.A., 
ltd2 i:t 

•* Barr, Terhnxcnl Erjxnrt A C A , 1014-15 • 

* ttkiiisand Barr. A (’ A. liepftriMand Memoranda, 

No tiH. miT; Turner, 101U. • • 

* A. t ,4. Hejtorti and Memomtida, Nos. 396, 1917, 
and .58.', iniu. 

‘ Technical Report A C.A., 1916-17.^ 


rt||ilK'r busier than the textile, while the 
revc St* WON tlu* case in cx]iosmv to tlu* mercury 
kiiiip. (Vitain spiiit-soliible Mack and yellow 
dyes mlpu'ueed into tlu* d(i[>e wiue found by 
A^to>l to lia\i .'1 pt "(celi\ i* clTis t, in exjiosurea 
-f (lo|K‘d fabi» to the wcatlici, ((jiial to tli.it 
atforded b, rhe usual pigimnted \ainisli. 
The sa .ic d.’ciec t ]iioti'ction was nist' 
ohtauied l)\ Ibini'ltoii mi ami 'riioiiias by tlie 
intiodiu tioii i)f op.ojut' piuim uts into tiie 
(h»jK'.'‘ 

(ii ) Otfur 'I'hough sun- 

light IS noinuilly the duef agent in musing 
deteiioiation of f.duie on ixposute, otlu'l 
iau.se.s may al.so opei.di' m Kitam eiiiuiii- 
.•-t.iiues. in till- iieii:hl»oui hoo(i of m.imifm liir- 
mg cenlii.s tlie a(idit\ lueseiit in the an has 
heen shown bv I ,iiig ’ to b(' a soiine of 
('anger- imneial .u id left m tlu' fahius m 
some stagis of its licalnient br fori* doping, 
or geneialed m an unsl.ibh' dope (lining 
expo.suie, is \ei \ potent m luodm mg 
“ tendeimg ’’ Some idea of the (jualitity 
of ai id neco.saiN to e.^U‘^(' eei.dile we.lkcil- 
iiig ma\ be obt.uiK'd fiom a jnipei by Ihir^ 
and lladheld ” I’mler impiopei conditioHH (T 
stoiaee, or on exposure in humid elim.’des, 
imu h of the deteiMi.dioii is dm* to moulds 
OI baetc'ii.'i " Atkins found also that tlu* 
impit'cniation of llu* d^'jied fabiie witli castor 
oil, whuh ma\ oii in ha ally m njitain 
classics of aeioplani'. eaii.ses an mere.ise in 
the late of detciioratioii oil e.yjiosuie to 
.sunliLdit. * 

§ (12) Hii\ti\i' ^Mkki'i.s oi- Diifkuknt 
'J'l.XTiiJ (i ) Lmoi J'or ii).in> yc/iiB tlu' 
f.ihne pKleiiid hv th(' aeioiiaulu al authorilu's 
in Engl.'iml bn eoveinig thi' wings of aeio- 
plaru'.s h.iH heen a plain imbleai liisl linen 
(spei dieatioii 17 of Eoy.'d Aircraft Eadoiy), 
wlneli wa.s leipined to liaci' : 

Weight not more than I o/ jar Mp yd. 

Ends Hot k-h** than H(i. pu k.s IMi ]ier meh. 

Tensile stieiigth, waip !t0 Ihs. ])er inch, 
weft !H) Ihs jxT mdi wlien t( sli d on 
strip.s 7" 2" al 1.50 lbs. jar im li jier 

minut<*. 

Thoiigb the details have varied a little, a 
fabric of Ihi.MtyjK', in which tlu* weft has usiially 
been consideraMy above the minimum speci- 
fied, ha.s been the Riaiidaid with which most 
others haxe been compared. 'I’his fabric, if 
size IS excluded as rexpnre'd by the snecilication, 
IS readily dojx'd to gnve a smooth, taut suifae-c, 
and the dojK* eauscs an im lease m leiisilc 
strength of the onler of 8 per cemt in the warp 
and 25 jx*r cent in the x*ft. 

* A C A Itcpartu and Memore'ndn, ,\o 600, 191H. 

I ’ Ihid , Vo. 288. 

•/*»'/, .No. 63.5, 18 

* Atkins and Barr, loc fit, for Eg,\ptiiin, and 
Turner, Reports ant, Memoranda, N<*. 682. 1919, 
for Malay expejsure. 
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(ii ) Cotton On I'arrnan tnin liincs i mcrccrifk*(l cotton, hut, from a series of 

wjiM ii-«nl!irlv UHC<| : tin* inn* rnat^'iial w.ih ‘ cxposiires ut Bcihcra and Malacca, Turner* 
noiinally mioic nmfortn in slion^th <.f w.iip ' (oncludcs tlnit ordinary c*)tton resMs the 
and Hpft than tin* linen, and tin* nn l•*a‘^e in i action of liuht l)ctl(*r than docs linen, but is 
Ktronuth on do|tinjj: \\ aH < onsnleiahly Ic.-w. 'I'hc j rather more Husceiitihlc to damaf'c by moulds 
weft Mlicni/tti of tin dooerl fabiic Was eotisc- ' m a hot and limind climate. On exjiosurc 


(jnentlv minh lower than that of linen foi 
the same wea'lit. l*io!iabiy owiii^' to tin* \ci> 
niiiell t'lealei e\t('Hsil)ility of the wi'ft m 
these |ilalM weave ( ottolis than III linen, it , 
was leaially foinni that the taiitinss after 
weatheim^^ was infeiioi to that om luring with 
the st.ind.iid fabiie The dilTeiern » in tensile 
stienutli Wiis aeeeiitiiated in the tiaime 
Htreiii/lh foi sinnil Wound'', tli'aiidi in biiisfma 
eK|ie| llliellts the LOeatei e \ t Misl 1)1 lit \ of t he 
( otton made the dilboine m fa< toj of s.del\ 
less nnuKtd,' 'I he resist on e li. ri|t(»ifiu ot 
these fahrnM w is not mote thui oin thud 
of that of linen of the same wi ij.dil \ttem|ils 
wm** inadi* to oveKonu* the ahovi* det^<t^ 
by nsini,' stout ninfoMiie' thi<*ads to hx alis«> 
any dam-n^e, hut all sm h teinloMed lahliis 
have he< n found to have a lather hie|i 
eonsiim|nion of (lope 

Very nun h better lesnlts were ohtaiind 
in the O.S A. by the use of i meieeii.sed 
cotton yarn, eithei (wo- m thiee ply Tin* i 
developnnnt of this inatenal is <1. anbed bv 1 
Wivlen,* tin' st ij^'es itr impioyenn id lx ni|.' ' 
coirxJat('<l with tin* sl^ipe of (In* st less.sti.un i 
diagram aut<'s.;iaphn'a!ty itsoidxl by tin* j 
tt'stniK inaehino used. With tin* fabin linally | 
evolved, the stieniith and t he *piesi’i \ at ion 1 
of tautin'ss weie -Kauelv mfeinu to linen 1 

Chlelly, it would seem, owino to .siaieity 1 
of liin* linen, (i(*iinan and l''teneh ma< lone'' ' 
(billing the wai were lannly <o\eie<l with a 1 
inueh couist'l* fabne than fin* above linen j 
It appear.s piobabh . howeyi'i. that the use ol 
cvuirsei linen is aetnallv idv antai,( ons, as ha- ' 
b«*en HintjKU'sted by Buii mid by 'I’liiini,^. 
os|M'eiivllv if tin fubin h eah'udi ii‘d to tevima* j 
the |)enetration of dope 1 y dinuni.slime the ' 
ink'istiees betw(*en the thieads Turner pre- ; 
fers, for example, a 4-o7 labrie, with at) einls 1 
and AO pieks js'i im h. beav ilv beetled Kabi.e , 
woveu ol stonk't tliiead has in rmally rather 
lowi'i tensile si length lor a ^i\en weight. ' 
but higher ivsistaiue tv» tearing ainl ,ij*paivntl\ 
also to weivthermg. 

HetwiH'ii the .stainlard linen fabric ainl one I 
made fnun two ply rncrceriscrl cotton \am 1 
their is little to v*hoos<’ : the linen is. howeyoi. I 
rather stn>\rger. <'s{s*eially m iVMstanee to | 
tearing, than the Ik's( cotton fabric so far j 
constrnctevl. With a coarser linen, such as i 
that mdieatrfl hv Tnr^i 'i, the advantage over ! 
cotton wv'uhl Ih‘ still gnuftcr. As n'gard.s 
weathering, no Tignix's arc ;> variable for 

» See Turner. Trrhu^t/ Knuift A C !., Is ! 

* R^fiort d^yntionar AilriHorv i'ommtttre Jor Arro- I 

naatM*#, WasmnRton, ini7. i 

• T^ehnktU RrfMrt A.r.T., IDU 15 aud li)lS-19. ‘ 


to Hirht at |{eil)(ra silk lo.ses strength very 
lapnlly in<h‘<*d : the (uotection rilTordcd by 
an opa«|m* covering c ade(|nalc in a dry' 
locality, but at M.tlacea di'tenoration of silk 
IS niori* rapid than that of linen when both 
aie sinnlaily protected. 'I’liese eonclnsions 
as to the lelative '.(‘ysiti vity of linen, cotton, 
and silk to light aic in agrcr*mcnt with the 
|•esnltH of Vsjoii’s cvpi'i iini'iits,'’ rising the 
im icirry an* as soiini* of liLdil, cxcc[)t 
that A4on found linen rather le.ss sensi- 
tivi* than fottoii. Itofli oh.seiv(‘r-s note that 
(hick (hie, Ills siilb i a sm.ill(*r j)(*i('('ntage loss 
III ntreiiLdh than thin vain of the same 
kind of lihie : this may pcrliajis explain 
why \ igiioM (see !} (*J)) found a Schappe 
.silk faluM* to withstand I'vjiosuie to a mer- 
(iiiy an hitter than the linen with which ho 
eompand it, but this fabne is to he fnrthci* 
examined. » 


.All r.noss : movable portions of ncrojilanc 
wings wliiili I an be lu trialed by the pilot 
ihiorigh eonltol wiies and thus serve* to 
maintain tin* aeioplaru* m arrv d<*sii'o<l 

path Si .Veroplaiie Sinietun's, 

'riieur v ot.” (.'») See also ‘‘ AcioplailC, 
( 'ompoin id Bails of ” 

Streindh tests on. See “ Aorojilane Stnic- 
fuies, 1*!\ pel imelits,” ^(IS). 

\in Ft.oyy vkoi’M) \x Aiuscrew, X.vturk of 
•rin*. See ” Ausnew, 'I'he,” § (d). 

Atu - IIV URiHlh N MiXTI HI. AWEYSrH. Sc© 
hillusioii through Membranes,” § (7i. 

.Viii Loii : an m.strnment iisi'd on aircraft for 
r-'i ordmg the distance flown through the 
an Si*o Aircraft, Instruments used m,” 
(•“>) 

Air Si'in.n Ixuicator : instrument used on 
aircraft for rneasming sjXH'd through the air. 
Si*i* '• .Verodv namic Beseareh, Full Seale,” 
vt (d). and ” Ain raft, luslrumcnt.s used in,” 
ii (h). 

Air Thmckr vTre.r, decrease* with height. The 
k'lnpcratnre of the air decnxasca on the 
average alxnit t> .A” (\ per kilometnx See 
“ Ain'raft. Instrutnent%usod m,”§(2); also 
” .All-ora ft Performance,” § (2), See al%r> 
“ Barometers and Manometers,” § (10), 
•V’ol. 111. • ^ 

* Tt'chmcnl Report A,(' A , 191t>-20 
* Turiierf TwAiuco/ Rrjtori 1917-18. 



AIRCRAFT: TERMS IN COMMON URE—AIRCRAFT. INRTRIIMENTS«SED IN fll 


AIRCRAFT; EXPLANATION OF 
TERMS IN COMMON USE 

Thk of an\ aircraft, whether litrhtor or 

heavier tlian air, is most reathly tlesirilKHl with 
n'feronee threa; Imes t)ra\es fi\e<l in tin* lM>dv 
ami drawn tlinmirh Cl, its c^'idre of i^ravity. 
Of tli'^st^ tho first- the avis of X point'- in llu* 
forward direOion and unm idos approviinaP ly 
with tin* axis of thr air8eix*w dlu* longitudinal 
axis of the » mft The axis of Z, the normal 
axis, lies in tlie ]>lan(^ of symnntiy and is 
jH'r(M*mlienlai to the X axi*' : the thinl, the axis 
of Y, the luti'ral axis, is tit rii'ht an^U s to the 
other two and is dii-eep-d towards the rit'ht. 
'I'lieso din-eti oils an* illnstrat-t'd in I'lq. I. 

Tlu* m«»tinn witli whieh W’e are eoneemed is 
that ix'latne to tin* an in the n<*i>rhlM*urhood 
of the maehim*. It dejK*nds on tin' motion 
of llio an — the wiinl ami on tli.it of the 



maeliiiie, botli reUtivi* to the ^^round. If we 
imaoino a velocity equal and opposite to that 
of the niachuie eoiih'in-d on Ixith tlu* ma< hme, 
and the air, the relative motion of the two is 
unaltered, but the rnaehim* is ledmasl to ix'st. 
The resultant motion of the air, oldaiiuHl hv 
comlumiig the v(*loeity of the wind with a 
velocity ecpial and ojipoaite to that <»f the 
machine, thus fri\es tlie rc'lative motion re- 
qimed. In this way we obtain both the 
aiuoifnt and diri*otiou of the iiehUne Wind. 

An^jular motion alxiut tho X axis is desc nlx-d 
as litiUmtj, about the Y axis it h Pitrhituj, and 
al>jut tho Z axis Yau-nKj. In uniform hori- 
zontal motion the Y axis is horizontal and at 
rijKdit angles to the direction of motion which 
lies in the vertical plane of syininetrv', inclined 
at no very lar^e anjile to the X axis. 

'riio anjrlo lM*tween the dinu tion of motion 
and th(* ehord of tho wdng is called tho Antjh 
of Attiirk or Angle of fnridence. 

In ttiminf:; to tho rip^ht tho control column 
is imovcmI to the right, tho right wing of the 
machine is deproasod, the* left wing is raised ; 
tho mac'hmo rolls al^ut the X axis ; it is said 
lx* Banked, and tlie angle which tho Y axis 
— the lino joining tho wing tips — mak^s with 
a horizont-al piano m(Mwu%>s the Banking 
Angle : if tho turn is tflo left tho hanking 
takes place in the opposite direction. 


j T. define tho angles of yaw and pitch im- 
[ ainiu' tlie a<'n»platie pla«s*d w ith the X axis along 
J and epp.*'.ite to the din*(tion of the ndativc 
I wind. R-'Uvte it al>ont the Z axis through an 
angit* ,i. this irives (he angle (»f yaw ; then 
rotaU* It ahoqt Cu* Y axis m its lU'W jHvsition 
.about an aiiglo a. this gi\t s the angli* of pitch. 

Or ag.i'ti, n*\crsiMg the ojM^ratioiis and 
Rtaiting wi'li the n ehiiu* iii any jiosition 
rel.itive to ihi* wind. i oUMdt i a plane passing 
through tlu* \ a' s and llu^ dnvefioii of 
the n*lali\e wiiul; tlu* angle whi<h the 
I X axis makes with this plaiu' is a, the angle 
j of juteh. 1 hell iin.iguu* tlu* nuw hme to In’! 

I io(nt4*d about the Y .axis uiilil tlu* X axis is 
I brouL’hl into (he plain* m qut*stiou, the angle 
, lH‘(we<n tlu* new po-.|(um of the X axis nild 
I the din‘<(ion of (he relative wind is fi, Uuj 
angh* -'f \.iw. Fmallv, turn the imiehmo until 
tlu X a\i*« lies .ilorig the n-lalivt* wind and let 
' it 1 mi rotat'd about this a\l^ m its iu*w' position 
' until the V axis is hoii/oiital .mil tlu* plaiu' 
of svinuietiv (lu It foil* \frtie.d. the angle 
' luiiud through ine.isuros the angle of roll or 
h;mk 'liu* angles .m* to Ik* (*onsul('ied posi- 
tive when the din < ^lons of rotation ai'c, froil^ 
<;Y to (JZ. (;z to (JX. ami (JX bi (iY 

n spt 1 1 i\ ( 1\ 

' In iioriiial IlighI .lu m roplaut* moves so that 
flu* direitioii of luotio.; of llu* Wings relative 
, to the air is vt right angles t,o lhi*ir span ; if 
' the mot-ion has a eornponent m llu* dinkTion 
I of the sp.m, i (. along tlu* axis of Y, the 
mat him* is «iiid to Sidi Slij). 
j If the augh* of immleme is mereased Ixiyoml 
! aiiitam iiitu.d v.thu* de|«*mient on the form 
of llu* wings the lift suddenly tirops in value 
' and flu* mill him* teius(*H to Ihj under control. 
It IS then said to lx* Shilled, 

I 

, AIRCHAFT, INS'l’KUMENTS USED IN 

^ (1) 1 iMiiMi/riJis W hen testing aentplanes 
to measiui* their maximum rale of (*limh at 
, an\ height it is (onvement to have an instru- 
I ment to show the approximate rate of ilimh 
at the moment, so that the pilot may get the 
Iwht possililf in'i-formanee out of the maehino. 
Such an instfunu'nt is also us<*ful for bal- 
loonists. Tlu* geru*ral ](rineip!(* on w liieh Ihcs© 
j instruments are (“onstrueted is as follows. 

* A vesw*l very highlv thermal! v insulated (in 
' practice, usually of the “ V.icuum ” tyi>o) 
) coinrnunieates with the outer air by a very 
small leak. Hence, if the instruiUent is being 
carried upwarrls so that the pres-ture outside 
j is falling uniformly, the pressure inside will 
Ik* higher than the ^»n*ssnrf^ •outside, and 
; finally nn erpalihnum condition will l>o 
j attained. The excess of pressure w ithin is then 
just sufficient to cause* air to flow through 
I the leak at a rate which will allow the inner 
i pressure to fall al the same rate^ the outer. 



fl2 « ATTU RAFT, JNSTRITMENTS USED IN 


Tho of pn^siirc itiHulc tiu' voh|o1 

iw Jirt :i iin‘a*^(irc of thr r.ilf of chuff*, 

iind irt miiJilIv Mfiov^n on d simple lii|iii«l 

'I'lic 1 * .ik fioiji I lie instil, \es,s«*l to the 
(inter ,111 Mi,i\ !»(' of tvvot\pes- (I) hv .I lorii? 
(■<1 jiill.ir V lutie, oi (J) a veiv sin. ill hole III a 
thin iiiet.il 'iMpliLteni. 'riie .ntioii o| tin* 
iilsf/iinn III H .soiiieti hat (litfcient in the two 
cawi M, III (he foiiner the i.ife i>t i liinh i.s 
(sjiial to 

I when <' .irnl K are 

P (oust. lilts, 

^ /» ,111(1 i> the pK'ssiiie 

iiikI (hiisilv ot the 

and 111 the l.itleMo '•* 

I I oin ( ined, 

K /' j i dilleienis' of 

j ples^nle he| Ween till' 

I inside and oiitsele of 

the \es,s(>l. 

It will he se-’H til, it in (lie lust ease the 
siali' with a 1 ) tuhe h'|iiii| eiie'i' will he 

lUiifoMu, while 111 (he It will he (on- 

(raeti'd |oi low teadinos and ('xpiinlisl let 
Jiiyli K'lidin^js. wh|. h is a dts.irlv ant iee. 

I he hist oi H('( Olid tv[»e of inst I iiMKMit 
(smld h(' nifide to lead (omsilv a' all lieiehts 
if the (('nipei'iliiK' distiihiitioii m the .itnio- 
Hphete weiv Hiiefi (hat // 'a ol /* ,. liMpeetuelv 
iviniuned eoiistani it^iU heiulit.s AetnalK. 
the ixi.stiii;' dudihiition is sm h (hat (hi'V 
holli have ahout e(|iial heii.;hf ("i na t a ais 
'Pile const, lilt of the Hist nniieiltj ea li hi' best 
found hy hlewina an into the M'^sd and 
notiM,;^ the tiMK' re((nii('d for the pK'ssioe (o 
fall to. ,sav. hall its miti.il value Laiuid 
j,;aii),'i's are the most i on\ eiiient, smei' i( is 
neei'ssaiy (hat the elnint:*' "f \o|ume dm' to 
the nioveiin'iit of (In' iriiut’' should h»' \erv 
.small (oinpared wi((i (he volume entamed 
III the M'ssel, otlieiwise the ('xpia'ssions !»i\en 
ah«ne are imt titu', and tin' sensit lu'iu'.ss of 
the instniiiient m deere.isi'il ' *1 he .sen.sif n i'- 

of (In' Ml st riiiin’ii t is ijo\eine<l hv thi' .si/e 
i>f the h'.ik, hilt it ( amiot he ineit'.isi'd too 
imieh, otheiwis(' the verv .small leak nsimn'd 
eauae.s the msininn'Mt (,» ha\e a seiioiis lair. 
Ihe hi|md j^aniT'' lias a disadv antaire that it 
iw alTeeteil liv m eeletat lolls of the aiu -aft, 
and on sudih’iily men'asimr tlie late of ehiuh 
the insttiimeut iiia\ llrsf indicate a deeivasial 
mU> of ehmb owm;j: to the effect of the vortical 
deceleration. 

A rnodili^ation of the elimhmeler is the 
“ Statoseope,” an instrument for .showing 
whether the aircraft is tlymg at a constant 
height (stiu'tlv constant pn^asnre). In this 
instrument the leak te entiix'lv eloscil up, 
and the ii<|nid pii'iiisurv g.'inge is n’plaeed hv 
a drop of liipnd m a V-shajH‘d gla.s.s tiil*c 
faxcil with the poii^t of the V dowinvartla. 

* 8w Advbo^ t'emmittec for .vlrenautles. T a|o 


KfU'h end of the V lias bulbs, so that if 
the drop of liquid is forced to one end it 
break'' and niri'' down to tin* bottom of the 
V, where it eolleets ag nil. Statosei^ies are 
also made using pressiiri' g.iug('s of the dia* 
phrajiii tvp«'. 

( 2 ) Ai.TtMKTKits - — On all aircraft it is 
n. it III. illy dc.sii.ilile to h.ivi' me, ins of knowing 
at .my moment the lii'ight .ibove the grouml. 
l'‘or (his [»uipoH<' there is only one eornenu'nt 
method fr»t gern'r.il tisi', \\/ hy the measure- 
ment (»f the atmospliene piessnri'. Fo?* this 
purpose an am'roid isearrnd whose mechanism 
IS simil.ir to that of (lie onliuaiy aneioid 
hiioinet('r, 'Phe d>,il. In. w ever, is gradiiate'd 
m heights and is .idjiis(,i hie so that it can 
he .H« t to K'.id /.eio on tiu' gioimd Ix'fore 
st.irting ('.nil (light. 'Phe instniment is .dso 
adjusted S(. th.it the stall' ot heights I.S 
uniloini, and not as m tin* ordin.irv aui'ioid, 
wheie the piessijii' siali' is unifonn. 'I his 
.i\oids 11 small ('iioi when tin' seal.' is H<'t to 
lead /('111 at ,i piessiiK' aho\e oi helow^ tin* 
noiinal po'ssuM'. 

In Older to deti'iinine tIu' ditTi'ri'neo of 
hee.dit hetwi'en two points at which tin' 
aftuosplu'ne juessuies have hei'ii found it is 
ui'ci'ssaiy to know (hr leinpi'iatuie of the 
an Ix'twei'u (lies,. (v\n levels P,ut as an 
.lltimeti'l, to hi. .1 s<.r\ lee i Me lUstlUHU ut, must 
show at l.-ast appioMuiate heights directly. 
.HI issiimed ti'mpei.itHie of (hi' air is used 
wIk'u irMiliiilmg tin' uistiunu'ut 

When .lit iiiieteis weo' (list made for use 
of mo'int.imeers. ,>(,«. l,t||,. known 

alioul tin' (iistiihiitiou of an tempi'rature 
wifli In'ight, .uni It has hn'ii tin- emstom m 
tlie past (o .isstiuie a uniform ,iir (I'mpi'iatni'o 
<*f ( . (.)t) I' ) for all In igfits ( disei vations 

hv “ /x///o;iy-voef/i ” |,;ive shown that the 
air (einpeMtnie di'creases on tin' av('tage 
.ihout ti .) (■ por kilometre (approx, P'. 

J>et I«HHI tt ) up to the In iLdit of tlie hottom 
of the stiatospheii' 'I'lus heiglit is oit (ho 
tiM-ragi' ahout 11 km m t In' teiupi'r/ti' regions, 
hut IS l.iwer m aii'i' the poles and higher uwircr 
tin' ei|uat.)r. (lie actual hemdit of th-' strato- 
s|ihere idso vanes irregulaily from day to 
dav, being in general high when the atmo- 
•sphene pivssnie is high ami nre rersn. Jn 
fntuiv a temperature given hy a formula 
.such as 

I w here is teni|)eraturo in V., 

(f '-OtX^io/i.A height alxjvo sea-Ievcl in 

I metres, 

will pndiably ho taken as the standard for 
calibration of aneioids tm to a height of 
11 km. Table T ■^he'ws the pre.ssure. tempera- 
ture, !«id densit) of the air given by thi^ 
nipt loll. ^ 

* % 

(iVv'T*!!! ^^•^•‘emeters,” ^§(10), 
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kIhI 7'< 

1)1 jjt rotate 

Airom liic.se 

ei lot,-, dll 

' ( hn-tiv to 

h.oige of 

el.isfn il V of tlu* 


spiiiij: hik! (Inpliiajm with vaiyiri!,; 
tiin* .nr iiMii ill\ f,iirl\ well t in 

niht ruiiicnt.H 1>\ tin nf hiinrt.illu- Nwci-j. 

or h_v !ra\tt\L' a <l' tinitr amount of air in tlx* 
• Imphra^niH It m.iv l«' rnttucil. Iiowcmt, 
that coiniirnM.ition hv tlnH<> mrfhod.H i-an only 

Ik pci fi'( t .it oiir pir^Ntuc 

(n ) /.m/ ()i ('ri<p Enor -d'liiH is alwa\H 
pn ^riit in all ancioids und I'f due to the f.u t 


1 fiii ) CaJibraiion Krrorti. — Tho dials of 
I anfroids arr firNt cngravisl with nnifonn height 
! intenals. and the aneroid inet hani.sni is ad- 
i jn^t^'d to mike th»“ iiistninient lit the dial hy 
the |)rtK'e.sN known as “ ranging “ It followH 
that t!u‘ eahhnOmn ean ne\i‘i he jH'rfeet at 
all Inanht''. and toi aeriir.ate work a eorixstion 
."hotnd Ih‘ .'pph's! 1)\ listing each in>lrunient 
(iv ) ijrtrn . do /o , t;n<ituni f>/ .11 DioMpfirric 
Tt nt jurat Ht ' nm^ ,'smee Die alti- 

meter iiiii.st Im . d 'M.itrd on some dehnite 
as.siim|>tioii reg.irding tlu' \analion of piisssuit) 
with heieht, it follows that then* imi.sf lx- an 
erioi will'll the assumed eoeditions do not 
oieiii 'Fhe hasie nlation hutween pieasuro 
and heiL'ht is given hy 

( ft heiudit, 
f. deimit v of tile air, 

n I ti]}. wnere i/ ai i eler.it h m due t<i 

gi.iMly, 

' ji ples.suie 

From Ihi.s it i.s seen th.it the density of the 
air Ix'twis'ii till* two levels is the imp"itiint 
■ ijiiaiititv It I.s foiluiiate foi this [lur *s<' 
that though the tenijM'i.ituie and pie.sswi^ 
of the an at anv height \ai_\ fiom da\ to d.iv, 
vet they tend to ( h.inge togetJier (helow the 
hi'ight of about !) km ). so that the st.indard 
' deviation of the di'iisitv at anv heiglit is not 
e\ees'-ive.* I'jov idrd .^lelatlon of pi('s.suie 1,o 
In ight is u.'-ed whnh agiees with fhe a Dial 
aveiagi' valms, the prohahle I'rtor of Die alti- 
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that quite apart from frictional etTeets the 
diaphragm does not t.ake up its final fHi.sition 
for a long time after a eliange of [iressure. 
The error naturally ilejiends on the immediate 
paat history of the instrument and may 
amount to .several hundreij feet in a had 
instninient. By ca^rdul design or i hoiec of 
tjuitable material.s the error ean now he 
redueoii to from 10 to 20 ft. after the instni- 
inent has Ix'en taken to 2i000 ft. at a r<i,te 
of 1000 ft. jier minute. 


i meter reading m Fairope is not verj' great. On 
the old aHfliimption that flie ti'injaTature of the 
; air was eonstant at 1(F (.'. at all Jlieights, the 
i erropB -ea[>eeially at gn-at heights — might lie 
; inueh greater. Table II. shows the limits within 
J which the ornira will lie on (u) one out of two 
iM-e.iMjons, anil (//) (H) mut of 1(K) occasions, 
aeeonling to thc'riirthod of calibration uscxl. 

' ‘vs* W. II. Dinf;*!, (Irophutirol Mmxtirn. .No l.'t, 
Mctsorolmfiral llfflie. lioRiloii ; jilho Adruoru 
(Jrmimdlre UfT Anoivdlu-n lirpnrt. Met, 40. 
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(v.) Variation of Pren^oirr duA to Speed of | 
Aireraft. If an altiirK'trr Us in* a 

am' willi, -s-iy, nnc uliirli h o^cpnivMl i 

t(. th.* ivl-itivr wmmI, the [in-sMtM*' in this uise 
uill vurv froin tlm tnu- Mtutu- pP-Hsurr at 
\\a la i^’hl hv an ani"unt not oKi fisiiit;' i 
iM ( online' to tin- h l.itnai of tl - oiH-ninj.' to thn 
p'liitivr vuinl /» is tin- <h-nsily of tho air | 

mill I' the \rlo.ity of tin- p-lativo wind) | 
Thnn flm unoionl would show dilTi-P-nt In i;.dits | 
acnnditp' to tin' {josiln.n of tin' optninv,'. \t i 
tlu' hiudi KjMndn aft iiinihli' with aiicraft it ' 
IH poKsihlc that thin error may amount to 
t»(M) metres. oi mole 'The same nlTrt t wiM 
oeeur m the spaie in whnh flie am loid is 
eontained m the aiieiaft. tin' mi'^nitndi- of the 
elTeet depetnlmo on the |n>s|tions of llie 
opeiiin^'H from this spaee to the rel.iti\e wind. 
Fortnimtelv, in neatly all aeioplaiies tin- 
pp'ssup' at the iuHtiumeiit hoard is \eiv neail\ 
<H(nal to tin' (me slitie piessme of the snr 
rouinliiiL' air at that hri;.dil. thus the enoi 
is neyli^ihh A lii^ei t'llei t mav, howevi'i, 
oeeur in maehines of spou.d shape, and should 
md he neyh (ed without nneshnation if I'leat 
^I'eutaev IS i«'<|Uiied Sfnnild (he eth'et 
reaeh apprei iahle neivtmiude it e-in alwa\s 
Ih' ovi'ieonie h\ pi n mu the -iltinietei in an 
air tight vessi l whn h is eonneeti'd to tin' slatie 
Hide of the air speed unlie.itor , 

§ (4) 'PritN I Nine d ill' naMgator of 

a Hh.p tiT Hea eiui steer n stiaight (ouise 
even ihougli the ship may Ik' I'liveloped in 
a dense fog, li\ p feieiiee to ^is magnetic , 
compass, which is so satisfactory that no ■ 
other instrument is eaiiied On at'ioplanes. 
howevei, the ease is \efy dilh'ient In the 
article on t'oinpassi's (which sec) it is pointed 
tmi that the magiu'tie mciidian .s in'cessatilv 
defined hy the diri'ctions of total magnetic 
force ami <4 </rai'il>/ Also, that sinci' on 
aiP'i'ift during a turn the anpan'iit " ‘luce- 
tion of gra\il v may he \ erv ditfi'ient from 
the true vertn'il. the md'cinons of the eom- 
paas may lie veiy mish'admg S(» imn'h is 

this the ca.s<' that a turn to east or west, 

from an oiiginally mutherly course, may 
Hetually tie shown in the wrong din-ction. 
Again, during a “spiral.” or “spin,” the 
compass slowly osiillates haekwards ami 
forwupls, indicating that the maehme is 
following a sinuous eoui'se. If the aeroplane 
Im in cloud, the pilot may have no ule.v 

whaiever w hich way he is luniing or spinning, 
and is theiijfoi'o (piite unable to st^ip tunnng 
fttul bring his macbme into a straight coursr' 
again. 

From this, it will ho seen that the iiml 
of some form of mstfumen^ to indicate the 
dinH'tion of a tury. and roughly (he rate of 
turn, is very great. It is not riHimrcsl that 
the mto of turn shi^uld lH'*exaotly indicated, 
einoe the instrument is pnunfrily us*.h 1 to enable 


the aeroplane to be flown straight when the 
pilot wishes it So far, only two typ^ of 
turn indicator have bi'cn used the Static 
Tula-” type and tlie gyroseoiiic tviK'. • 

(| ) Stahr Tube MdhixL d’w o “static tula's, ’’ 
similar to thosi' used as pait of the heads 
of air-spiN'd mdic.ituis, are innunt<*<l near 
e.u h wing tip. and pipes an h'd from these to a 
mnsitive dilb'ieiitiul Jiressuie gauge on the 
iiistrumeiit board. Since ibe pji'ssure in the 
■ statu “ tubes is mdepeiidi'llt of the relative 
wiml veloiitv, the all in tlu' pijie eonneeting 
the two ‘ heads” will Ix' atfecterl only liy 
j gi.i\itv and <<nt!ifu*al foice, the eentiifugal 
; force, due to the a«'ropl ^'“' turning, tending to 
' III iKe the air flow outwaids along the tube, and 
tlnrebv e.iusmg a dilTerenee of pii'ssure on 
j the two sides •>{ the [uessuie gauge, equal to 

I distaiue between 
the static beads, 
p dcnsitv of tb(' air. 

p /_,e'‘cos</./ II. where r aeioplane sair-speed, 
aeioplanc’s ai'tual 
aiig Ic of bank, 
radius of 1h(' turn. 

’I’be prcs.suies dealt with arc \crv sm dl, being 
o| tin oidci of a few millimctii'S ot wali'r, 
so that the ditb'icniial pii'ssuic gauge must he 
M'ly si'iisitue, those having a vt'iy thin rubher 
diaphragm being gi'iieially the most satis- 
fai ('•' V A want of (me aligiimciit of the heads 
will c.iuse small I'lioi.s m tht' piessutcs given 
In the statu' tiils's”; this is partn ulai ly the 
cas" whei the aci'oplam' is side slipping Tho 
“heads” ate thercfoii' made to swivel, and 
have wind v.mes (n keep them pointing ilirei'tly 
mt<» the lelitne witul. Kea! dilfereni'es of 
statK' pressiiie of the air at the two heads 
must atb'i't the gauge leadmg, so that on 
“bumpy” diNs the rending m somewhat 
unsteidv “ N'entun tiihes “ have Iteen tried 
in place of “ Htuht' tubes,” with tlii' object 
of mcieasmg the pressure diflen'uce, m 
wbu'b I use the ai tion d(')a'nd.s mainly nn the 
relative veha itu"* of the two wing tips through 
(he an. 'I'liev are. however, nei'cssanlv more 
unsteadv m ' humpv ” weathi r. which makes 
! them mfeiior to ’ stalu' tubes” 
j (ii ) (ii/ro Tarn Imliratnr'f If a rotating 
gyro whei'l, spinning alHUit an axis A, Ix' turned 
about another axis It, at right angles to A, it 
will try to pit'oess about a thin! axis (\ at 
right angles to A and Ii. Alsi>, if its move- 
ments aixmt the axis V be n'sisted, say, 

1 by springs, the displacement about this axi« 
j will bt' a mea.surt' of tlve rate of turn about 
' axis B. 

A gyro wheel spinning^alxwit a horizontal 
avis isi theri'fore mounted in a frame which 
j can turn alxnit another horizontal axis ak 
right angles to* tide rotor nxi.« and who.se 
1 movements are eontrolletl by springs. The 
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movpmMit of this frame is communicativl to ' 
a iM>inU>r on the mstrument iMmrti. The * 
gyro whwl may spun rlet'trically or hy 
a»r prasaure, as from the exhaust nf the 
engine, or by suction, us fr.*m a Wnturi tula* 
exj>os<Hi to the lelatne wind, or the actual 
gyro wh»x*l ni<iy la* j»iovi«lc<l with a<*me form 
of vanes and itself ex|H»sed t<> the ndutive wirnl. 
In any eas<‘, it is im{)<>rt,int tliat the i^insitive 
ness can be <iinclJy i han^eil. \\hi< h is ni«*st 
easily etTiated l»y niakinij the ‘.(ren^th of the 
control springs adjustable. It is ileairable 
that slow- turns should easily Is' neen. uiul 
aU<» that the pointiT shoitld not < oine fci (he 
end of its tni.\el. e\«.i‘j>t for t'\tr<*nu Iv rapid 
turns, HO that a rough id(‘ji of the r.ite of 
tuni may always be obtained. It is thus 
ndvanf ageouH to make the lustruiiient more 
w'UHitive for slow turns than for rapid oiu'.s. 
To Home extent the haukiiur of the aemplane 
nutomatn allv reibiees the s<‘n.sitiveni sa of 
tlu'S^* instiuruf'utH for rapul turns, but tin \ 
are generallv de'-igne<l s-) that the tonjue due 
to the control spring ineie.iM'.s more lapnllv 



than in piopoition to tlu' defiet tion of the ! 
gyro frame (sia; /'e/. 1). 

In some iiistinment.s small col. aired ihstiic 
lamps ai'e litled, eiflii'r in addilitai to. oi m 
pla« e (ff. the oidinaiy dial ot poifi(« r <’on- i 
taet.s are uitangetl so th.it om l.iinp lights up 
(soy red) when a turn i'. made to the light, 
and the other (say gni ii) when the aeiopiam* 
tuillfi to the left. 

This aiTiingf ment rati lies the [»ilo|'s eye 
immediately a turn begins, and t,o lYfjunes 
lcs.s careful watching tlian the dial and pointi'r. 

!}(■>) Arn la'O — The nir apei-d imli(.ifor js 
a most impoitant in.stniment in aircraft, for 
showing - like the Hjit'eilometer on a motor- 
car- -the Hjwd at the time rjf observation. | 
lint, unlike the Hjx'erlnmcter of a car, it can- i 
not easily have a “ mileage dial added. If i 
aircraft have to Ik’ navigated from one place 
to another out of sight of the ground, it ia ! 
neocRsarv that the distance flown through the ' 
air should be known. This can, of course, l>e 
found from the reading of the air spi'cd 
indicator (when eorrw’terl for den.sity) ' ami ' 
th<^ duration of the flight. However, smh a 
raethrxl would he inconvenient, esjieeiaHy if 
the air-speed be not kept ^ufstant, so tha't i 

* See section on “ Air-speed Indicators.” i 
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an ^ ir tog is re<|uinHl to slunv the netnal mihxs 
flown thivuigh the air. Kor this pui'iiom^ the 
air lueTer, i.r windmill typo of instrument, is 
niort l onvement, as th(‘ numln'r of n'volutioiis 
<m‘ dins-tly TUMpoftional to tlu' distance flown 
(negle<tmg fii<>(i.iit d etfeit.s). and having no 
C(»rii*etion to - l•e;^‘'1y, tin* instrument hsuIm 
corn'cilv -at d* height- Th<* windmill umst 
he pi u'lsl ei » po.sition when' it js exjiuseil 
a.-, fnx'ly po--! !,• lu ilu' n'hvtixe wiml — 
sax an miicf .sinp. nf an lU'iophini' ; thuH 
the ii.iiuls'i of ie\ olutions of the windmill 
must It.' tr.iusmitted b.o k to an iiidic.itor on 
the insf lamoiif hoard riiis may he done 
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elect rieally, hut a jmciimatie system is more 
conx (•iiient, Kiiu'c It nimmat<'K the iise of 
haftcru's or othei sources of ( iirrent, and uw'H 
piwer derived diiei t!\ from the rehtlivc wind. 
In thi.s type of instrument (m-e Fiif. 2), .a 
\ entiiri tube is fixed .alongside flu" windmill, 
which is a few' im hcH m diaim tcr, and a rlise, 
mounted inside the exit cone of the Venturi 
tulie, is eauscfl h) rotate alsuit. an axis in its 
owm j)hne, by auitahle gearing (wij^.’ifKl to 1) 
connecting it to the w'lndimll. A Hide tube 
is taken from the throat of the Venturi in 
the usual way. Ah the windmili timia the 
di.se in the Vontujri, thc^prcHsure in the hide 
tula? will alteniate lictwccn •Pitot” jreHHure, 
when the exit cone is nhiit, and the “ Venturi ” 
auction, when the Vxit cf*|ie is ofK*n. With 
» g<XKl aingle \'entllri tube, tliia dJfferenee of 
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prcsMurc uill lx* Hjij,il fn Ih.it <»f nuHiy iri|h»’?i 
of wxtcr, ;iL <'i(|ifi,jrv 'I'lt*' ■'idc 

tijlw' ff'dii flif VMif'iii ImI link lit ihf 
ifiili' cri tilt i(Mtni;n'nl 'I li** 

itulii iiNii:.' I -•ii-iiif.'i if ,) flMitfir.L'jm 

whi'li I I li.ii ku.uiU ifi'l fill ini'* Ity 

IIm' /iKflOllf lllk' |ili I III'. .Ill'l I I, ill III f 

wliti li tiiiriH .lit (inlitiiiv 'iiiiitiir,' iiii‘i h.irnoti 
W'ftcii vri llif vimiliml! I>‘‘ iilnul, till- .iir 
.sln'/Mii (t/i'it It \i ill jiliiii I ,f .ilwiiv-i !«• -i'jtiii-w I) if 
ilixt urhfil I IV Ml li^'lilii 'III iirj p 11 lx Ilf f h*- ,uii i.ift , 
HU (lint It uill M'lt III- i\|tii-.i>il lit tlif true 
ri'liitui' wiinl Dm .u iiipl till X tliH ( 111 I I ui'iild 
^rlirinliy iiiaki’ Ifn- IM tl t itinrii I fi.id n fru 
Jirl t'l'ld Inn I'lU, Ilf III I ,txi 'M.lllv il hill’ tiXl 
lll^h. Ah flii.s l•lIlll will III- dilfi /i-Mt fill dif- 
ft'fciil iii.'ii liiiirs, and dilli'ifiil pimf a imh, aniur 
nii'iiiH "f I Did'i (iiiM imihI Im- avail till' ulinli 
niM fir <t[ipliMi afl' i an a'hiiil > ililii.iti'ifi 
III tlir an 'i'iin I I I "MV I Mil III l\ idiliinid l>v 

fl(tllli.( 4.ll I'lll.ll V V Iffl III III. Ml I'l 111' Ullld 

null, u 111! Il (fill III a'lprli'i llii.iiidi i xiM lit 
iinvjlr Tfii'sr vaiiiH niipii* ,i Ji>dif i<.(aiy 

lUntliill til llir 1 ( 1 , will, f| Mll\ nil ir Mi' 1)1 da- ' 

rri’JMi' I III' .sprt d "I t In uimiIimiII I In -i hv -I nn 
in Hlinplr^ III, III rIMV ,11 Min.’iMlrMl Ilf villll'lr 
^I'iliiiii.', or ad pixt i lili v.iiirs mi (In uitidiMill 
ill Homr rasrH llir iiit' i fnr r r < i.^i i, nut ,i 
foiiMliuil pilM'iilau^r of l|.< .III Spri d. Iinl flic 
Viumlioil U itll ( ll.lMiir ot an xprni |x ariinaHv 
.stiuill. and u ill no* i t'Hr an appin i.ililr « irm 
(''inli'iii III (iir unidiMiil and ri'iinn' will 
(Mll.sr it to Itlll I'l l sl'iu 'I'liM iil"l Mi.iv l‘t' 
allounl for li\ addiiiL' a inl'iiti iinlrai'r pi i 
unit tlinr, mdrprndrnt "f tlir atlM.d \(!'in(\ 

III iiiiv caxr, with a (.'iiod nHtMiiin ill tln'nior 
IH vi'i\ xMi ill, ami H i|Mili' iir^li'/iltlr at llir 
luyli sprrd-i at ulnrli (Inn in'itniMirnt n mad 
la .stai till',; lo (Iv tioMi on-' plarr (o aiiollirr 
fi\ dr id in k mini',', tlir Mint llnili' lliil lllil''t 
lir doin' i.H to ^ ,vl< iil.itr tir coiirar and dixt im r 
to l>r ll'iuii llinniuh tUr an. iillouinr t-n thr 
ilrifl diir to (hr u Ill'l. I'. " Mils r dnil.il loii 
llir artopluir's m sprrd m isl fx« assunml. 
Ii||( if tlir .‘Klilal in .sprrd diitars .i littir fimil 
tfii'i, llir K'siilt ml riioi is \nv 'an ill, if (hr 
ralnilfitrd distiiinr I'r tloun Miiiin',:}i tlir air 
Tllil.s, if r Iir till' asstiiurd an spn-d. and </' 
thr ditlt'irnri' lirturrn llit.s and ihr .irfii.d 
rtjr-sjuH'd. uliilr //• IS tlir wind \r|o(it\. thr 
vrrtor rno| jirodurrd is mil\ «•</' < Iniirs (In' 
distaiirr How a ; Miirr thi' wind \rlm i(\ 
will ^raor.illy ho loss thna a thn<I of thr 
urrophiao’.s .sprrd, n Ml prr I'rat rh.iai;r of 
aii Hpi'rd till! r.ui.xr an riior of h'ss than It pri 
W'lit of thr distaarr tlowa. 

(li) Ani-.srKia> Indh’mous Thr .standaiil 
airaas of ^iirasuntir siusal through tin* air 
whirh IS now asisl mi IhifMi am'raft is that 
know'll as thr “ Mirssutv 'I’alH' inrtliod. A 
" luvid," oonsHtiag of ^wo, partvS - thr “ pix'.ss- 
upo " or ■' Ihtot (ul>o ^and thr “ statu- " 
la fTxiHl on soair oxposwl jiait of the 


aircraft, whrrr it is as inarh exposed to the 
tmo rrl.itivu wind uh possihlo Pipes are led 
fioin this fu ftd to .1 rldh-M ntuil prri^Hure gauge, 
pkuni la smnr rornraunt poaitiofl, whose 
jiadingjH auluatr tin- air sjaad. 

'Ihr ■ priHsiiir ' (Il “Pitot” tube usually 
(onsists of a j)|aiii tiihr some J inrh in 
di.imrtrr, uliosr o[irn rad pmnt.s directly 
into thr H'l'ifjvr wind la such a tulie, 
moving ltifoiii,'h a ( iinpirssililr Hind, the 
ptrssiiH' is i.iHid ahokC thr .static prrs.sure in 
llr' surroimdmg lluid hv an amount eijiial to 

• . /' density of tjio 

r ,,2| Hold, 

/» I ‘ 1 i .whrrr r irlativ c vchx'ity, 

"I I (/ 1 1 Ion ty of sound 

I m thr Hind. 

1’hr rlTrrt of ihr i ompM 'silulit \ of thr air is 
|rp|rs.n().| h\ Mir tillll wliuli IS 

IH 'jln'ilil\ sin ill, Ik mg ui II iimh i 1 pi i iriit at 
Mil- m.iMMnnii .ni spi « ds liki 1\ (n hr aMamrd. 

'Ihr ‘ -(dir (llhr alsi) inlisivt.s (if .i tuhc 
aiimil ^ Ill'll III (iiiimhi, p'mlnig into the 
ol.ilivr uMi'l, hut (I 'sid ut Its fiiiwaid i ml, 
and I'pnimg h\ a nunihti nf holes (Irilhd 
tlir'iiu.li it a trw im in s fimn tlir final end. 
'Thr 'III thns hinvv x I mg't lit lall;* p.ist these 
hoi' s. Mild tlir po-sMir Wllliin tll(' luhr IS 

<i|iiid t" tlir xtatii pirxNiiii' "f thr svinmaiditig 
.III, with ( "tixidria (lie aiiiiracN, hrmg la- 
dr p< mil at nt It'. \t I'K it\ 1 1 lain r to the an, 
'I'll'' (litlrMiuf <,f po .xnir I'ctwrrn the two 
puts i>( till' Iir.id. will'll IS airasiurd nti 
tin* p'cssMir r uigi , IS tlirl'rtmr corinrctril 
witli the .III spri'd h\ tlir rijiiallon nlmvr. 

1 !u t\p(' of ' hr, id d(x(iihr(l alvovr Inns 
the ','U.i( .'idv.mligr tliJit it IS veil eaxily 
nnidr. .md ^nl dl diHitriurs hitwira two 
■ heads d'l not (ainsc aa\ apprrriahle 
I h.mur la thr pirxsutrs. 'I'hry have the 
tiuthri adv.mhigi' find flirv nrr not very 
xrasil i\ r to the rv.n't alignment of the “ head ” 
to llir irl.itivr Wind, .1- shown m thr following 
t.ihir : 

I r.rror rt Vliyniuriit I rcT in NiI'K (v. | 

I ' -I 

I I’lTU'Ilt 

! '* ; i 

Ih I li 

J ' 3 

I’d" I 4 

: I’.-M I :> 

.‘JO’ I ♦) 

'I lie major part of thi.s error is due to the 
1 “.static” tulM'. the “ P'.tot ' tul>e lieing still 
less .xeasitivr to .alignment errors. 

(if ( 'orretfion /m IhH-atfif of Air, — Tlie 
pressure gaiigi'« u.sed with this instrument are 
usually gradu'iti^l in air sjHX*d>’, whtrh are 
: correct for the average density at gnnind level 
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(Ur ('. and 7 flO mm. Hjf.). If the density 
ehuii|4e.s .is in aM-eiiding to higher leveb, '' hen‘ 
the <lensit\ is les.s the in.strunieiit Mill read 
inionee^l), .is slnoin hy e<|U.ition aU*ve. 'I'liis 
(.an 1 h‘ jucurat4-l\ ((Hieilcd if the jnessim* 
and (eni|M r.ituie it the lieight lon.rini^l 
are m*Msuie<l. If no (hennoiiu ter he i..inntl 
on the (lilt rift, the an ^jHid ( .in Ik* t- .in , ted ; 
hv iHllig the .iver.e^e den'.its iit the heielit, 
ns iiieaHiired hv a sl.indaid altiiiietei In ' 
this easo, Miiee tiie teinper.ituie and pn'.ssiii.* ^ 
of the atmo-'plieie in.i\ Ik* dilfeit nt fioni the . 
aiei.ige, the (oireited air “.peed uill h.i\e a 
“ piohalile " eiior of alx'Ut <> <> jht «ent. j 
Simple foiMis ..f slide -lule h.ite heen de- j 
si;.*ned to eJlt 1 1 t he e.ih nl.ilMn e.isiU 

(ii ) hdnft^no Knn!.-. - 'Fhe adj.ieent p.iit.s i 
of the aiMl.tft will i/enci,dly i.uise some di.s- I 
tnih.iiueof lheieliti\e wind, it the. ill speed 
indie.itor lead" In .len (jil.ines with the 
“ he.id ” li\ed on .i stmt this •ienei.alh i.iu.sis 
the le.idlliL' to he too loW h\ a feu per ; 
lint, in I \i epti'tii.il iondition.H it ma\ hi* I 
too hiuh 

In the e.iillti l\pei of all spee<l indnatois 
the '' .st.itK " liihe u.isi.pl.ued li\ an ojieiimg 
giiiin: a delinite Mution, sm h as a eont* 
opeiiMiL' haikw.ilds fo'in the lel.itive wind, 
and in s,,riie tounlnes ' \eutnir’ fuhes aie 
used 'I he dl> id\ .inf.lge ot these is. ih.it 
Hinall ditieiMi' t ' m itianuf.n tnre may alter I 
the prt'-'-'Ure, .ind (his h <sp«'i.i!l\ (he eisi* 
with the '■ \entiin ’ tnhe, wle-n* .ilso the I 
rtUi tloii M not piopoitioinl to the s<ju,iie of 
the \elo(il\', hut (o ,i I 'th' r Invln 1 powi*r. j 
'I'he iitl\ aiitave ol tlesetlpisis th-it a gie.iter 
])i< ssure dilTeieme piodmed, so (h.it .» le^^s j 
ilelnati' piessine gaiiec i-, iMjiiiied 'I’his [ 
adi.intme Is pal t iMilai 1\’ .iiip.iienl at low 
hpeeds. 

Instillment -i "f the wiminnil \.tnety ha\e i 
also hii’ii iiserl, and h.ne (lie n<lvntit.ige that ! 
they aie independent of .iir deiiHity. 'I In* 
dillnnlty of InuismiftinL' the le.nline from the 

instrnment, in its ne< es,sril\ e\pos<*i| position. , 
to .1 eon\eniint position for the pilot to mt, 
tou'etliei with tin <lis id\ antaire of ia]»idl\ ' 
mo\ iin; p.irfs and the eonsepuent wear, have 
prevented fhev mstniTn.*nt.s from In-mg 
geneiallv ailopled 

% ( 7 ) (Jv i:ns( oi’H xi.t.Y i ontkoi.i.hi If rinuK 
- liv eaiefnlly watelmii: tin* e.tnijiassand turn 
indieatoi, (he pilot of an aeroplane < an fly 
on a given Iw.uing through the air with an 
aeeiiraev whieh is ea'.ily suftieient for purposrg | 
of aen.il navi!.Mtion Such a proee.ss, »on- | 
tinned for a long time, naturallv heeoni<*s very ■ 
tinng An autom.iln devne hy whnh the I 
aeroplane is kc'pt o» a given i-oiirse. even for 
c few ininut<*s. will greatly reduce the atrain 
on the pilot, sinee he need only attend to 
hb clireetion once everv' mimitoa. It*H 
not by any ineanu necessary that the automatic 


steering nppamtus should lie able t»^ Ket*p the 
ilii stion Mtrr than c-aii Ik* done b\ iM*rsoiial 

lontrol, 

A fr<s* gvniscojH*. hung in frictionless gim- 
bals. witii Its lotoT (IMS boM/oiital. and 
jK*rfer'tl\ balaiueii, vmH keep a eon.s1anl dilt'e- 
tioi in space. I'v making it sliglitlv out of 
balanee it e oi ’<• made* to iireee.ss, so lliat 
It kic'ps . • .iistanl diM^ tion, ivlative to the 

eartb, f i aiiV g'vci latitude 'I'be gimbal 
img ]>iv.>t* will not Ik- ]>erf«‘cllx fin tioiiless. 
but the fini'.'li c.m be- made- s<» nmall that 
tin ciKii eansid ih negligible fot tins jiuipose 
foi. sav, a ten minute run. Sm b a gv lo may 
be made* to woik a nkiv. and .so c-ontiol the 
din'ctioii of the aiiciaft 'I lie n-lav mc'cbaii- 
ism is geiiei.dlv eleilrieallv or pm iii'ial n allv 
opc'iatcd Some form of ‘ follow up gc^ai 
mn*'t Ik- provided, so (bat tin imldei is not 
lliiown full ov c 1 .is .soon as ihe aiiciaft 
luins a sm.il! .inn-unl As an c \ nnple of siieb 

a “follow up geai we iiiav l.iki-a pneum.itie 
t v pc* of c olltlol (m e /■'((/ .'{) I lete t be gi I o IS 



(onm c t< d to tin- e< nt nil jiai t of a lotai y v.ilve, 
wbnh, wln-M tuiin'd, aclmilH com|>ressed air 
to cm* or Oilni side of a piston woiking in a 
< vbnder 'I bis » vliiider is lived to tin* am laft, 
and tin* movement of tlie piston both niovea 
the ludder and rotates tin* caiter fi.ut of 
the lotarv valve, the move-mint "f tin* juston 
aiwavH tc-nding to elosi- (be valve. \N itb 
this arrang<-nn*nt. if tin- whole* appar-itus Imi 
tum<*d rouml through, k>iv. •”* . -ur will eciii- 
stantlv 1 m* Hup]ihed to can* snle ortlic* j>iHt.c)n, 
until It has moved (he oute? part of (he valve 
rouml, so tfiat the an supply is a^'am sliut off. 
The rudder of the ain rtift is connected to the 
]>iston in sm-b .a manner that if the aireiiift 
turn lo the nglit the niclcler is deflec t<*d so 
as to make it turfi to the left again, and the 
deflection of the #^idder vvil! lx* ^iroporlmnal 
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to <lu' amount thf\irrraft h off itfl rourae. | ship no florious troubles ariw? which have not 
Thn ratio Ix'tuefn Ibc anc'b- of »h-flef-tu>l of I l>eon oviTfome, anil the instrument is generally 
the ni<l<l( t .uul tlic .irnuiiiit the uirfiaft is off satisfaetory. The eansi' of the rli(Terf>nt be- 


lts couisi*. M iiiipoitarit for the witisfaetory 
uoiktnii of dll' ji(t|».ii.itus, ,iiul shouhl be 
il'IjUst.llilc 

If an tn* ,1.1 rnotho*! h uilopled, the 
jniliMpIc Is the Haiiir . n btiHh on Ihr KVI’o- 
rti'opf in(i'ill\ li,i\(llni^ bitwi-en tuo eiintaets 
Conte'' 1( (I to a o vciHible cloctric motor, 
wliiih f.iki'* flic I'li'c of the (tiHton and 
c V liii'h r alio \ c , the f w o i oiit.o ts beme nio\ cd 
111 uniforniilv ivith ill" riiddii, a “follow up 
gc It ” IS ag.ou |ifo\ I'Icd. 

Tilt' eviosioprs ni,iy be dn\en I ontmuoijsly, 
either eleetiK ill\' oi nneiimalie.tlU , or th(*y 
may be spun up w hile held m a ha ked position, 
ati'l used H title they aie spinning fieelv by 
their own ineifia 'I'lie disadvaiil.eje of jui 
eleelfiial dine is (li.d. in addition to the 
tronblo of leadin'.' in tlie iniicnt. \shnh is 
gl’IieialK ‘ tlliei pha-.e.'’ the g'los alw,l\S 
waiin up all'! the ionsi<|uent expansion is 
u[it to ( fiaiii'e (he bilante \s the balance 
must be \ei\ pelfeit, (he ilistuibaiiee fioin 
^this c.iiiMe may bo \c!\ notee Me Without 
veiy eaieMl dcsi.-n the blast ol uir in a <on- 
tinUoUslv an 'linen '.'Hoseope is liable to 
eaurte pieces-aon. 'I’lie fioo lunniin: gxioscope 
aVolda both these tloilbles. but of eouisi' 
gr.iduallv .slows dowy, so (hat it must be 
re-spun pel ioi|ic)dl\ , Tins niiessititi's using 
two gMosiopcs if this midho'l of dn\nig 
is employed, so (hat oim ma\ be (otitiollmg 
thi' aiieiaft, while the othei is being m[miii up 
to Hpeed, 

'I’o g-d pood resiills. the rudder .should 
respond \ei’v ((uukly to llm lel.iv \.d\e, 
which iiK'ans that in a pmaimatic a|>p.ii,itu.s 
tlie valve shouhl open wid<>, for very little 
movement of thi' gvro, hikI the air piessuie 
should l>e f.iirlv high With good deistgn it 
is possible for such g\rosco[tie .steeiiiig app.i- 
rivtiH to keep (he pith of (he .leroplane 
Htiiiight within a legit'e oi so t' i (en minutes 
provi'ie'l the an is not veiv ' b.nupv." 

If, when the gyro.seopo lias been rehxased, 
and is lontixdliu'g the via raft, it is found that 
the eonrsi' whi' h i.s being stix'n'd is abghtly 
in erroi, it m ly l»e sim{>Iv eotiaaded d a control 
is provi'led which »dti'is th«' rv'htive posif >n 
of the b'idy of the valve and ludder. Release 
gears :m' providi'l, so that the whole gvro- 
senpie apparatii.s may In* ibseoinusded fnun 
the rudder when nspiinsl. 

^ (td ( ’oSie vssns UN Aiurn.vt-T. It i.s un- 
fortunate that the m.ignetie eunipns.s, vvhieh 
may 1 h' eonsuimvd the pnmarv navig.ation 
instrument, Should have eertam very .s<'noiH 
(IfftM'ts vvlien nsisl on aircraft, e.speeially n.s 
these defis't.s are dlie to mheirnt fundamental 
causes, and eannot thendora In* eutiiely over- 
come by a||iy ohanv;<\s in vb'a«g». k(n boanl 


baviour on aircraft lies in the very jilitferent 
' speoiLs of these two means of travad, and the 
effrets We are eoneemisl with are proportional 
to the Hijuare of the speed. 

It sliouhi tiisl be noted th.it what a eom- 
pa.s.s IS nsjiiiied to iiidic.ito is the magnetic 
meridian, wlmh is a iilario, defined by the 
ilireetion of the total iiMgiielu' for"e. and the 
veitieal, or wliat would .serve equally well, 
the direction of (he liiii' formed h\ tlie pro- 
jection of the diieclion of (he total magnetic 
forei' on to a horizontal filane. It will thus 
h(‘ .seen that till' ilire' tion of the vertical is 
neeess.inly involved, as well as the diieetiori 
of (he total in.ignetie foue. Now tlieie i.s no 
melh'Ml of finding the vertical which eonld 
he iiseij, exiept liy an nl(iiiia(e reference to 
gi.ivity. and the fact (hat aeei lei.itions prevent 
the tine duel lion of giavitv being found shows 
that eiiois must oieiii; fiiillier. eoilsldenU'g 
a's elerati'UH due to (lulling (snue other 
IK < eleiatioiis geneiallv only last a shoit time 
and so only <•.■^nse iinste.idineNs of (he eom- 
p.iss) .IS tlie ( ent I ifiig.il force de|)ends on (ho 
.s<|u.ir(' of (lie vel'K ity foi .i given ladins of 
(inn. we .sei' th,il on hoard ship, where the 
■ipeeds are geiier.illv le.s.s than a (iftli of aero- 
plane speeds, (he distiirli.ili' e of the direitiotl 
"t (he (me veitieal will Ix' le.ss th.in a twi'lltv- 
(ifth of that on an .leioplane 

It IS ehieflv while tlvnigoii noi ( het !y eoiir.ses 
th.il this elieet is most tioiihlesoine, siiue it 
will he '>'('11 th.il the ac eh'i' itioils caused hv 
a tiifii to tlu' west will in.ik(' what we may 
edl the “ app.iieiit noilh " (i.i. tia* m.iguetie 
riK'iidian found hv ii'-ing the apparent vi'iticil 
instead of the true veitu’.il) move to the 
ui'st also In geni'i-.d, at the st.ut of ;i turn, 
the “appaii'iit muth ” v ill ti.ivcl to (he wi'st 
ni'iH' i.ipidly than (he ai'iopl.uie tiiins to tlu' 
wi'st ; thus, the pilot of an aeropluie will 
think he Ins turned to du' ea^t, ic m the 
wioiig diieetion. If the jiilot has some means 
of ki..nving whether lu is (King .straight or 
not. .so ih.it wlien lie desires to he i,.av fly 
a straight eoursi> for .some si'conds without 
n'b'n'iice to the compass, tlu'ii ai’celerationy 
due to turning will 1 h> avoi'led and the com- 
pas.s will he Jieifectiy reliable. This, of coni-so, 
i.s what really hajipnis in clear air, the pilot 
(Iving straight by means of extened objects, 
hut in a elomi there is no means of flying 
straight, .and it is here that the (rouble arises. 
Further, even on ordinarv' navig.ition flights, 
it may often lie nece.'isary to fly through some 
cloud, and if (he pilot is Unable to flv stnaight 
in the cloud, and Ins eomp.iss does riot enabh 
him to do so. he mav easily get into a spin, 
j fr^Mi which he is ^lahle to recover so long as 
he remains m cloud. It is for thNsc re^vsons 
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that turn indicat<jr8, have been introduced (see ] 

§ (•*)). 

I’revuj^is to the introduction of the turn 
indicator »oine nnj)ro\ einent could l>e made 
in eonijKiss^^ ll.vin;' in cloud h}’ veuiiir a 
card \Mth a \erv loni; |K'rio<l, at) that they 
wt're very nhiLJuu^h, only tunnn^ slowly if the 
dir(‘ction of tie* inaj^uelie fone chanj.'e<l, <’ou- 
secjuenlly thev alwa\s in<heati‘d tlu' lK‘jrinninif 
of a turn in the rmht dni*etion. It can he 
shown that for e\ery sjkhhI there is a eritieal 
jM'riod of till' coiiijtaH.s, aho\e winch, turns otf 
north will I'c shown in 4he ri;^ht ilnection. 
'I'his (iitical sj»ced increase's with increasing 
velocity. With the introduction of tuni in- 
dicators, ho\\cv<T, the jio.sitioii iMs atne (‘nlnely 
elianucd, and th*' (OMi])as.s, instiaid of heiil!' 
rc<|uned 1(, show the acro{>lane‘s direction at 
ail InncH, now' ncc'd only show the uver.iu*' 
direction at cetl.iin fa\ouiatile tnin*s. 'I'his 
('.ills foi an cnhi(>l\ dilTeient desiyn of coinjiaHS 
foi u.se with turn nnlicatois to those used in 
the past when such instrumentH were not 
u\ alia hie. Thus it will prohahly lie found 
th.it hiL.'h dain|une, small inertia, and 
ma^'iictic moiiK'nt arc* ilesnahh* in eoinpassc's 
used with turn lude itoi's, thou}.'h the revei'se 
was lai>^cly true for compasses which had to 
Ik* u»(‘d in clouds without the aid of turn 
iniln-ators. 

^ (5t) SKvrvsrs i ok Aikc kait — ^In order 
to (Icteimme tin* ariumlar ehwafioii (or dc- t 
presHioii) of any ohjcct, it is ncsessaiy that 
there hIiouM he some means of iindnii; (he j 
true \c'rtic.il The two methodH emplo\cd on ' 
the surfai'c of the earth ate, of course, the : 
vertical, as jiivcn hy a scuHitiie hubhh* level, i 
and the leu i/,ontal, as j/ivcn hy the surface of ' 
the s(M. I' or Use in tlu* air both these metlnKls , 
have sciiou.s dis^ulvanta^res ; the hon/am I 
method, because' on most days the true horizon ! 
is not visililc from aircmft, above a veiv 
inodcrad- hei;.dit, owme; to tlu' atmospheiic ' 
ha/.e. d lie objection to the bubhh' level metho*! ' 
is that since the aeioplane may not be flying 
straight and rit a uniform H[K>ed, the bubhie 
may be subject to various aceeleratioiis, which 
caust' the apjiarc'nt direction of gravity to 
deviate from the true vertical. 

(i.) Unze Horizon Mrihod . — 'Ihe problem is 
fortunately not rjuite h«i hopele.ss as might at 
first sight apjM'ar, when these' difficulties are 
realifiM'd. An alternative to the true honzon 
is found on many days m the toj) of the layer 
of atmospheric haze, W'hich is frecjuently very 
sharji and well defined and is usually at a 
height of between 3000 feet and feet. 

The top of this layer#-, very ne.arly horizontal, 
a^d has then'fon* sometimes been as a 

8ul>8titute for the real horizon. The objection 
to this methcHi is that altl^nich very nearfv 
horizontal this haze horizon cannot he ndied 
upon to give any great accuracy %nd may at 


tiinvS have a h1o]k> of a degree or more. As 
there is no method «*f knowing whether, on 
any gi\en occasion, the top i>f the la\er of ha'z<^ 
di'parts nmt h or little from iJie true horizontal, 
elevation angles ilctermimsl in this way are 
sui»jev.t to eoiihidcr.ilile umertainty. which, 
of conrw', no .nervuse in tin' mini her of ob- 
s(*rvation ’ w ill reimnc The tojis of layers of 
I loud ai«» ai-'O fpHjnci iIn neail\ hoir/ontal 
and can be ust\l m pl.ice of the true hori'/on, 
but have tin* same obji'ctiou as the haze 
horizon. Angle.s of el<'\ ation may be measuMal 
from ha/e or cloud hori/ons hy an ordinary 
marine t\p<* of sextant, but m this casi' the 
height of tin* airerifl abo\e (he ha/e must be 
known in i>rder to allow foi the “dip of the 
horizon ” 'J'hi.H can be a\oided by the usi* of 
a special sextant of jicnscopic form in which 
the horiz<tns, both in front and in'liind the 
observi'i, are seen m the field of \iew simul- 
taneously, the re ir hori/on being mx cried. 
If the obserxer bi* on the level of the (op of 
the haze, the front and rear hoiizoiiH will 
< oiin nle, \^hIle if lie Ik* above it the mxcried 
rear hori/on xvill appeal abt»\e the front 
lioii/on, while the tine h<<n/oii (assuming the 
top of the ha/e to be level) will U* half-way 
b(*(we<*n the two Ity means of an adjustable 
prism or mirror the image of the sun or star 
whose altitude is bi'ini' f(»un(l fan a’so ho 
made to appear m the field of view, and the 
mstiumciit is adjii.sted till this image appears 
half xxay hetwi'cn the two horizons 

(n ) iinhhh ^S( ihifil'^. It is found (hat the 
detei minaf Kill of the xeifna) by means of a 
bubbh' lexi'l j.s tajiable of fair aciniacy on 
aerojilaiies or <iiisbi])s, pro\ idl'd that theatmo- 
spht'iic comlitioii.s aie imt bad and that certain 
pivtaulions me l.dvi'ii m fixing the nuKlnne. 
Jt mu.st Is* rememlx'ied that the bubble, being 
e<|uivalent (•» a shoit period jiendulum, will 
rndn atc '■ liut la practn all} the mslanlanoous 
direction f “ api>.irent gr.ivily, ’ i.(. the n‘- 
Hultmit of gravity and the aeeel»*ration of the 
instrument at the moment. The aecnh'iital 
mcelerations of the airciaft mud. lx* kept as 
small as [>o,sql>le by flying at a height where 
the air is sU-mly, and by strsTing as straight 
I and ket'ping as eoiiHlant a spi't'd as [Missiblc. 

J If the din'ction of “ a(»parent gravity ” does 
I not coincide with the vertn*a!, the bubble 
sextant will inevitably read ineorn*ctly. The 
1 most that the instnirnent designer lan really 
j do is t<» make the sextant as convenient to 
u.se as possible. The main prants tr» fx' notrsl 
j in this connection are the following : 

(1) The radius of curvature of ^hc bulible, 
and the eharaetogstics M the optical synt'em 
I should bo HO clnw'n that yie images of the 
bubble an<l of the rrbjrHt appear to travel 
ov'cr the field togr'ther, if tl^e whole instnirnent 
be tilttxf fore and nft. This greatly simplifies 
the use of the instrument, and as it is extremely 
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eaMV aiiDfi::*'. if ih v<tv him j»risin(' tli.^ it 

IH rtcld'iiti f.iiiiid i.ri Miditi iry ' Iiruuru li'rs, uhrio 
n<d, infinjU(nf!\ tli< -i of fli»- .md 

fill’ ul))M f iiK.vr III iff)|»oMilr diif< Immh when 

till' MlHf ( IJDII Ilf H filled 

12 ) rill fii'ld nf VK'IV aiul tin- ti.uul of tho 
fiiihMf Hfioidd III- lar^'(‘ , iii /u fu.d uh«* om air- 
uiafl IIm- ijii.tu'D "f flic Him or sl.ii iiml tin* 
hiilditc vull iluioif ,dvv,i>s Im* ruoviii^' u|) and 
doun II lafi\i- lor.u li otli( r, .tnd tin* iiiHtruiuuiit 
iM t dvuii IH lit Dll' ( Ilf n‘« tly -ift win-n tliuy iiio\i> 
njiud dutafiM s on ntlict N.di* of cjiidi otliri. 
If thr> friov (‘incut of (lie laiMilc l>(> icHtilctcd 
it will (oiHt.intlv (nine u|) to the Imul of its 
travel ami s|n>il tin* olisci \ ation. 


niarmc typo of sextant, and in peen by means 
of a iiurr(»r inserted in tlie telescope, so that 
both the star and the bubble ajipe.^ in the 
held of view Himiiltane aisly. The sextant is 
then used in thi* ordinary way except that the 
linage of the biibbh* replaces tin* horizon. A 
more eonviaiK'iit and (‘onipact ty|)e of bubble 
sextant can lx* niaib? if the whole instrument 
is riHlesii^ned. Thus it i.s convenient for star 
work to look fliK'ctly at the star instead of 
sf'eiiui it bv leflcction. In this typ(* of instru- 
ment the sun or st.ir is j^feneially viewed 
din*ctly thioiioh adjustable clear glass 
iniirot, and tlu' image* of the bu'nhie as seen 
through a collimating h'lis is viewed by rellec- 



(.1) Owing to itu' laiL,f' lenge of tenip<'iatui<* 
in wlneli the iiHtiuineiil may lx* u.s(*d. the 
evpuiHioo and (ontiactioii o|' the li((ind will 
oaiHe tin* bubbb' to ehangi* gieatlv in si/(*, 
and a means of adjiistnig the si/e should 
bo provided, 1 Ins » .m lx* done by making 
l>art of the buldtle container (>f a tlevible 
metal diaphr.igm, which can Ih* moved in or 
out by an adjusting screw. The container is I 
filh>tl with lajiiid, fr«M' from air, so that <>ii 
expanding the diaphragm a bubble of vapour 
is fornml,* which irnmi'diatelv' condenses again 
if the diaphragm he mov»‘d inwaids. 

(4) For star work it is desirable that the 
bubble shmild be illii ainated from tlie side, so 
that it npjW'ara as a bright Fing against a dark 
Imekground. In a^iy ease the iliununntinn must | 
b*> easily adjustable over iv very wide range. i 

The ini^hle mav* U* pli?red in a aide tulie i 
opening out of the telo*>oojH7 of an onlinarv 


ti<.n 111 this mirror (st'c 4 and Ily 

lotatmg the imiior, the imagi* of tlu* ‘.(.ir and 
tin* bubble .an be mud.* to comcido 1'he 
same iiistniment can als.. be used I, looking 
down on to the nii.i..i. so that the sun or star 
H 8<N>n b\ r(>Hoetion in the minor and the 
bubble IS seen through the mirror The posi- 
tion of the muror gives the elevation of the 
SUM or star. The size and illumination of the 
Imblile are adjust.. hie. and a watch and writing 
^ tablet art* ailaebed to the instrimierit for eon- 
I venu'TK'e m racording the observations. If |t 
I may Im* dosirabi,* f,. u.e tli.* leal or a haze 
h(Ui/on (.eeasionall.v. a pri.vin and lens niav he 
addiMl above the huhble l«is.so(hat the horizon 
IS seen in the field of vi.*w as well a.s the hublilr 
(Hi ) fr>o,veo/n- .Ur/A.M/s*.-The huhhle sex- 
t?im shows only^the angular altitude of an 
object n*iative t(. the diiv*etior. of ap])an*nt 
gravity at |he time of the obs.'rvation, and if 
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tho instnimrnt is suliject to airflonvtion this 
will Mot with th(‘ true vi^rtic.il. If, 

however, tlu' iiiniafl h Uati^ Howii on a jHith 
which i|t not tunnin' contniviouslv tij one 
aide, tho uvernt;t' <tf a l.noo numW't of ol)sor\a- 



tioiiM niijst l>e very near the truth. If in 
jil.iic' of tli(’ whoit |«‘no<l l)ul)Me .1 evtoseojn‘ 
h.ivini,; hut hli;^ht yi.iv ity control Ix' U'.ixl, tins 
will ]»i( k iii> apiiroMiiKitr lv f)ie mean rliKation 
of aj)|>arent ifiavity. and a result will he 
(»h(, lined which is analogous to the iiu'an of a 
nuinlxM of oliserv liioris w ith tlu’ hul)l'l<*se\t.«nt. 

'The ^vroHcojiii method has one rather 
serious disudvantaLn', nanu ly. that siiue the 
diiistion yi'cri l)\ the [iytos(oj»e ihaiiyi-s 
only slow ly, leadings talon at a small mteival 
of time will l)c hv no means ' iiidi |>eiul< nt." 
and the aeiuia(v cannot tlHUefoir he L'leatlv 
unproved i , tahimi a numlai of ohsiTvatious 
unless they an* spn>ad over a loii;.' interval 
of time, whuli IS ueneially im on\ (‘iiient. 
With the hiihhle sextant all the oh.servatioii.s 
are “ iiidejiend* nt, ' so that the slatislual 
improvement will he obtained hy taking' 
the mean of a miniber of ohserv atioiis, and 
the diHjiet'sion of the Ltioup 'T nuMsine 

of tho accuracy of the mean. ^ j, 

AIKCIIAFT, FKKKOKMANCK OF 

TiIK PuKOK'TION and Analvsis ok thk 
KlSULTS of OllSKUV ATKIN 
§ (1) iNTUoDrcTioN. -The earliest attempts to 
predict the poasihilitics of flight datxi back 
many centuries, hut did not lead to any 
demonstrations until the end of the nineteenth 
The last century, howev^er, saw a cpnekening 
of the pace, and some of the early attempts 
of StrmKfellovv and Henson to mteqiret the 
most advanced thout'ht of the muldle of the 
nineteenth centurx^ approached nuaiem ideas 
of aviation to a surjmainsz extent, except for 
the motive powen In all these early in- 
vestigations it is clear that inspiration came 
from bml life, and engineering considera- 
tions alone have grac]||ially driven liter 
workers away from that prototype. The 


hisfiTV of fhe subject in these early duys has 
laan written l)\ the Hoyal Aci-onautieal 
SiM »i tv vOid, apai t fiom tlu‘ inteu'st ot the 
siihuM t-m lUer, .-hows how the develojiment 
oi ideas lioin thcT iiucption to apjiliciitioil 
mav tleimid on some levoliitionary devi'lop- 
mn. lU't ( onD 'iijil. Ill'll m tho onjjinal in- 
vest'ji.ilion . In IIv'ul. tlioihaiige was juvi- 
diued by ih' mvcn'ion of tlie light petiol 
motoi, w!'i h 111 tun; c.olvisl from the heavier 
mti'inal 'Uiiiiu- kui » aciiu's of liftv vears ago. 

It IS pfolial’lv not unfair to dati- tin* U'gm- 
niiiL- "f tin- modern phasi' of llvirm to the 
n« iL'Id lout hood o| (he voais ISPO IfMH), and 
to '.live a lotemo-( plain to the lesianhes of 
Laic.'In\ \s .1 ic-ull of expiu inieiit.s winch 
lie rn.idc on a wlniimu arm on the lifting 
possil,ili<t4 of 11,‘t pi ID'S, niimetous eiilliUHiasts 
made pt< lie (Ions ol (hi* (apahihtics of living 
III. n lime- I hev < oiu hided, iplitc corieitly, 
that twiiilv ol Ihiitv hoi sc ] lower would 
sulhi e to I It I V a man at a .■Jpeed of o\ ei t hirt y 
{ mile-i p< I lioitl if the eii-KUe and structure 
(Muld lie pio\idc<l within .i t"lil weiylil of 
titHl Dim 'I he iiea of the liilmg surfaei's 
umlet (he i ID Ulllst.iIU e- Would he tii'atlv iTltK) 
M| It Some lilteen or (wtiil v vcais after the 
lealisation of thi'se (pianlities the inviiition 
of the petiol motoi luought the ]>o.'>iihilit u's 
w'thin thoa of eu'Diieiimg liiiuliitioiiH. and 
in llMIS jiuhiu tlii/hts of an houi and nmn> 
in he.iv ii'i -thari-aii u.ift maiked the end of 
the long piiiod of uiiccilaiii development. 

! '1 hi a< till \ etiK n's up to this time which 

I formed iiiilestoia s wcie the fleely (lying 
nodels of Laii'di'v, lu \. ha h of couise m.iiuiiil 
(ontiol w.e- out o| till* ipiestion, and the 
huge mat lime of Maxim wind) showisl a 
folee of lo.tKHI ll-s Jirodueed by lifting planeg 
and ait-sitews d'lie aie.is of lifting suifaecs 
p( r unit wi ight were thin gi nerous as com- 
paied with modern idia-i, lieiiig sotiK' lhr<*e 
times as Ofeat a.s at piesi nt Also with 
iniprovt '.lenf of Knowledge it, has been found 
pos.sihle i 1 eeoiiomise m power, 'J'lie Jnsioiy 
of the permd I'.flhS Itl'jD lias been one of very 
rapid d* velopmeiit of ground piiitly ch-ari'd 
by the.si* earlier aeliavementH, hy a largely 
inereascd nuniher of individuals working to 
that (lid. 'I he greate.st si iin ulus came from the 
(ir<>at War, and fioiu a nuniher of aeroplanes 
in UHtS which e<)uld lie counted on one’s fingers, 
Jhifish pi-oduction jiassixl to nearly KXX) {xir 
week in the 'oruludnig months of llflH, The 
performance of heavier-than-air craft at the 
close of the war varied greatly : file fast aero- 
plane was a smgh'-seater weighing something 
less than 20<K) Ihs , fitt(‘d with an engine of 
about .‘1(H) hors(*-fiovv«r. d'he Teast sfieed of 
susfaimsl flig}it*(somew hat less than that for 
effUient landing) was 4.'!^ t4» TiO in.ji.h., and 
the highest H|w*d upwards of 140 m.p.h. 

' Aer9nautical*Cl<usu'$. ^ 
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JMwfcn thf two tluTd is 11 <rtl!iin urnount 
of intctciMiit/i by wlii«h lioth uiiuiiniitn -fiul 
hWlXlMIIJftl M]»( fds IlM M .ISf Ml (If < icliSf Id^f llu'l, 
and t!i(‘ iimd < lion c dcju nd^ on Uic lnwcr, .in<l 
tins i>ii ihf f.iatc cf {MifcfliMM (.f ilif 

laiiditi^' Vi'>imd‘( 'I'lif of f limb of tlu sc 

filMt <lll( I ifl ( \i ( < (Is J(KM» It |M I IIIIIKlic IK ,ir 
tlif yioiiiid, !iiid .1 ill i^dil Ilf Id.tMMi ft can bo 
nMclicd in li ss lhaii l( n immil' - 'I be liLditin^ 
lit Ibc <111 uIih!i bc(,iiiH .1 |)iMiniM( lit |miI (if 

Wlllf.lK' (iltt II In ,k |.!, 1 . ( it .dtitudf -I of 
lo.tldd ft (m IS.tKH) ft , aiiil III tin iiiioticil 

utmoHjilicic till' < MiidiliMtis i.f tliylil uf'K vt i \ 
dilfcn-nt fioni tho.sf' ncn tin- yionnd. In 

|Kit(i( iiliii the f'lii'iiw (|< vi'lnjis till li ss flower 
aiid.iipait fiMiii I he (( lie, d ion of bo at Iimk' of tin 
inlol, Is tlic iniun bn toi m ttliiei tie iK ielii 
\ebi( ii .III IK io|il)inc (an < limb, 'rim iK-iebt lias 
already bei n (mmIk d to nioie tliaii .‘{o.titrti ft. 

At till' Otlicr end of tin s. ali' ol niodi in 
aero|)lan(' is llu' wi'iyld < unit '|’|h I'ticnii' 
of rdoMS wciylit How 11 IS iilioiit :{d.0O<i Ib^ and 
tt horso [lowi'i of IbtKi IS |no\idc(| Spi . d 
is not till' main ob)( . 1 1 \ c, and sb to !Mi m p I, 
IS dclimtcly disiL'i'cd f,.r, ni oidi i timl tin* 
^net liltini' oowm niiv l.c m aicat a-i posable. 
For sboit lliylits of n Imndicd mibs oi xo tl.c 
net load inav lie niou- tiinn Id pi i Kut of tbe 
^roHS load, but owmtt <o tin' wi lyhf of fni l jor 
a non-stop lliylit IIk- net load mi an AtlantK 
IS Vi'l'Y Hindi ii^|('( (I |'((| ( oni iiiei 1 la I 
f)ur(i|>Mes. tlii'K'I’oie. It Ims bceonm n mi il to 
limit till' .stiie,('H of lliylit to :U>d 1(H» noli 
u dtslance wlneb is also nidi. at. d b\ tla' 
endiiraiK (. of tlii' pilot. I.aioi' amopl.im 
hrin^ \orv appiisi.il.li' e\fr:i duties to the 
pilot, and tlie pi. onion of as,i, stance foi bun 
is oiu' of tbe ( lit ri'iit piobleins 

I Ik' sf'iiplani's ln'st knov.ii to ns eotri'spi.nd 
tn perfoimaiiee to tin' wei-dd eaiiMiip leto- 
planes, 'riuf Ik-sI lia\<' boat ^bap(.l bulls 
will* It allow tbi’in to re t or tide on tb(> watm, 
ami in addili.-i. to tbi' [lerfoi ni itiee m the ait 
introduce piobleins lelatniL' to pi ifm mance on 
the water. 'I’tu' latter an- dedt with l)\ tlu' 
apparatus and methods u.sed m teual arelu- 
U'cttm^ ill the desiyti of steumsbip bulls, 

Aii'slnps aiul liybti'r than air eiaft .sueh n.s 
kit«i balloons ha\»' d('\ (doped rapidK m tin* 
wimo period us tin' aerofdane 'I'he pudilems 
involvtal aiv ditTeivut, for an airship ean hft 
witlnuit l)oinsJt in b'vward motion and may 
hover ov(>r a liivtai spot. 'I’he largest art' ngul 
airships having a grovs lift of (id or 70 (on.s 
anti n speed iifiwanl.s of (id m p h. 'FIk' smaller 
class may \Veigh about one-tpiaHer of this, 
and the envelo|>es aix' inaintniniH] to shnffe . 
by a suHloiently high priwure insule a co\ei 
of flexible fa brie. Ttlieir m'rformanec in ' 
siM>cd is little ditb'ient fo ul (hat of thoir , 
lai^cr sisters, but (hV rang«' in nub's i-, less. 

§ ( 2 ) Prediotion of Pkr.vokman( k. -The , 
word perfornyuice haa come tiji have a tecbiueii] ; 


I meaning, and by it is usuall}’’ understood tho 
I Hjaasl of hoiizoiital travel for aircraft in 
' general, the In ight to whieli they can climb, 
' and, m the eas<_' of tin* aeroplane, th% rate of 
1 eliml). It d(»es not lover the statement of 
1 the lightness (3r otlimwise of th(‘ controls or 
j the ('(uiddion.s as to stabilitv- 
j (i ) 77/c Standurd Almnsphcrc - The general 
tluMuy of pf'iforniaMce eovers all types 
of .iiKiaft whether lu.rier or lighter than 
.III, and depends on a ba.sis which is 
UMiv«i'(.dly adopted and not open t(3 W'rioiis 
cidKism on phssical ground.s. 'J’he ealeula- 
ti<»ns .lie mad( l.tr* a .standard atmosfilu're 
which m liiitiin IS (bditied hy the folbjwing 
(aide 'I'heie aie sm ill but lid.itively llll- 
iiupoit.mt ( haii'.:( s on (he Coiitmeiit, and it is 
piob.ibb (hat an eaily attempt will be made to 
|>iodu((' JIM agieed mtmiiation.il basis d'ho 
(able gneii imiy be taken t.. leptivsiml the 
;i\et.ig«' (ondilions whi.li prevail in the 
.iluiosphiM', ,iiid one of till' pioblem.s met with 
III an.ilvsis of |)('i-fi.Miiari( e is that of eon- 
vmliii" obsci \ <it ions 111 .1 non-standard 

almosplime to thos(> wliidi would liavo 
belli iM.ide lia.l the .itiuo-phetic eoiiditjolis 

been ‘-biiidaid. 

'I viM I SlAMnitu AlMosnil.IlB 
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The table needs little explanation. The 
atnuwphere is taken to have unit deiiNity 
when the tein|R*Mture is 15 (i' ('. (b0° F.) and 
the proftiure TtiU in in. of increury, and the 
ndative densities ami jnx'ssiirt's tabulated 
are b.istsl on this standanl. The ehon-e of i 
this btiais IS .somewhat arbitrary but is eon- [ 
venient n.s Ihuii^ tiiat adojded by the aeio- j 
dynamu's laboratories of the uoild, and 
allou.s of direet use of the data obtaiiu'd ^ 
there ; that is, the (juantitie.s tabulati'd in 
Ibs.-force, etc., for a ^^iven wind velocity are I 
strictly corn'd when the^aii has the ]>re.ssure I 
and deii.sity adopted as standard. l*he air- 
speisi indicator of an aero[»lane .shows real 
speed when tin* density is unity, i.r. at a hciyht i 
of iieaily HHX) ft At 2n,0(K) ft. the iea<bnt: i 
must lie incn'asiHl m the ratio 1 It? : 1 tt» i^i\e j 
real speed. | 

'L'hc final column of the table is peculiai | 
to aeronautics ,ind aiisi's from the use of an , 
aneroid baromcti'r which is m.iiked with a i 
scale of feet mstead of divisions in inches j 
or millimetres of int'rciiiy. An aviator knows j 
his h(‘ieht approximately from this leadin'', ! 
but a ( om|)an.soii of the first and last i 
Columns will show that tlu' ditren'iices from ' 
ri'al hemht beiome inijioi t.int ‘ at lO.tMMf ft. ' 
and I'leater altitudes. For the puiposi's of 
prediction and an.dvsis the aneroid haioiiK'ler , 
IS rej'aided solely as a |)ressiiie imlu'.itoi and ■ 
aneioid height tlii'ii I'lve.s a ii'adino of piessiiie i 
by means of ‘he formula- 

h - <»J 7(M) loe,o l‘ . . (1) 

or its <‘(|uiv aleiit, the thud and sixth eohimn.s 
of the table, where F is the i.itio of the j 
pressure to tint at ground level | 

In llii^dit, the quantities ohsi'ived -pressure ■ 
l>y the aneroid haroiiietiT, and F'mpeiature 
by a thermi, meter on one of the w'liit stmts 
— suflice to determine density and thence 
standaid heijiht hy use of 'I’able I. Ovvin^ | 
to the special choice (»f units tlio relation 
botw'oeii P, t, and a i.s | 


Observations of P and t are sufficient to define 
the atmoHjihcre for aeronautical purposes. [ 

(ii.) Aeronnutiad Propertia of the Acropinne 
reqnire/i for Prtdirtion and Arndyds . — The 1 
aeroplane is regarded as a combination of 
two rigid bodies, the wdngs, fuindago, and , 
undercarriage lieing one and the air-screw 
the other ; the parts can have a relative , 

* It is iindersNKxl ttiat a new marktiiR of aneroids j 
Is corniiitf into use winch w'ill retlnc# tills differeriee j 
Tills will uffeet roluimi U of tfie table, but tlie j 
prinelples of rlie rodu< tloti reurihi tlie s.inie. | 

• ’ See “ Haroinetcrs and Manomi t( rs,” | (10) (ill ), ; 
Vol III The llffurc 62.700 is bast'd on the value ] 
0002:17 f/ 11 w ficr c ft as the density ol air at *288 
abs. (].'>' 6 (J ), and :t2-2 ft ay* for ff leading to 
0 0763 lbs per c. ft Compare the Ugurc 62,700 of 
Airy’s Tabic. 


I 

nil. lion of rotation which is govemetl hy the 
])t»w'cr of the engine anil the jHisition of the 
I'ligmo ci'iitrol.s. For a rigid Isidy moving 
through tlie air it is known that the forces 
ai'ting tlejamd on the sja'ed and shajio of the 
bod' in inaiked <legu*e. art' projxutionul to 
the deiiHjtv a' <1 a’c dt pendent on the viscosity 
of the nil Included in the shape of the 
Iwxly i.s the nba of ..ilitude of jireseiilatioii 
bv whuh a win' at oiu' niigU' of uieidenee is 
it'g.irded as a d,lTej. nt IhkIv from the snine 
wmir at any otliei angle of incidenee I'Vom 
the idea of sh:ij>e is delmitely excluded the 
scale, and a model ael'oplani' is said to be of 
the same shape as the aeiojilane itself. 

Akkoclvm; (ll IDKH Lif( and I>ra<j.—- 
If the velocitv of till' bod\ 1 k' eousideiably less 
than that of sound in the tluul, the eipiation ^ 

K . . . (;i) 

expresses the expenmentiil knowledge of the 
sulijeet in the most geneial form i onsistent 
witii the piiiniplesof dyiiamnal simil.inly. 
In this expri ssion K i.*' the air force on a body 
moving withveloctlv \ , Ihi* hliapciiiid pri'senta- 
tion are defined by the function / and the 
scale bv / 'riic density of the air (mass jicr 
unit v olurncj is denoted by p and the kinematic 
viscosity bv I', So long as the dimi'iisions of 
lie' various quantiti(*,s .ire d\iiamically s*'lf- 
con.sisti’iit, icjUrition (3) IS imh'jicmlcnt of the 
units involved and is sucli tiiat /(V7;V) is of 
no dinumsio *' The foim of the* function f 
ran only lu* dete rmined expe iimeiitally in the 
gK'at majeuitv of instaiue's of riiotiem. 

ll is known that f i.s appro.ximate'ly eemstant 
for largo e*hange's m the variable W/r, and the 
assumption is alwav.s made that the* range of 
flying s}K‘eds is e-overed sufbeientlv ae curat e'ly 
hy the a.s8um})lion of ceiristuney, and feir the 
ae-roplane 

K ... (4) 

where is a nonalimensie»nal coefficient to be 
eletermiiieel cxpenine*ntally. With the resolu- 
tion of fecre-es inb» lift and drag are introduced 
corresponeliiig coeilu ients such that 

L - and D - /(-p/iV*/*. . (5) 

ami tables eif k^ anel A*,, are tei l>c found in the 
publicatmns of the* aereidynaniic lalwiraUirie'S.* 

§ (4) Air-screw.— Two changes are intro- 
duced into tlio form of (3) as a result eif 
thcsiretical and praetiemi considerations of the 
action of an air-screw. The tip H^xicel of an 
air-screw may exeefsl GCK) ft. fK'r w*<*onel and 
then, as was pednted out by Lor^ Kayleigli,® 

• Adrviory Comvvd^f for Aeronautic*, 1006-10, 
p. 38, 8e*e alfvi “ Iivnaui'leal Mmilarlly." {i (14), 
Vol I., au'l “Aire raft .Mcxlcl Kx^Mrinif-rits In rcJatlofi 
to Full Se-ale ” 

^ Advttory Commfiice ft/r ^ Aeronautic n. Report 
of Scale* Klfect .Hub-Ctunni, * 

* AdnaoryComtntUeeforAeromuitc*, lulO-11, p 26. 
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it w ni)i <i fir ion [»(‘rmiH.silil(‘ to rci'-iid iiif as 
H<inHifilv iti< ‘iMijircssi Me 'I lir cfTf* t <‘iin ho 
CX(»ro-n«-<l III I (orMHli'Jit (Ivniiiiic.il f«jii,itioii 
hy iritmdiK in;' a fnitli'i viri.ihlti Vjn mt ) 
(VJlUtl'Ml (,'$) to in.lko ll hi-d.tiU' 



vvlion* a IS tlii' volo<-itv "f sound m iindintiirhod 

Hir 'I'lii' i.in^/'-of \,iiiitionof \ n iindiT 
rondihoiis is srn.dl, ,md it is u-H-iiinn <1 lli,it 
oven iindtT r\tr<-m<* «ondili'»n-< m.iy hi- 
ri'ttiif dod as ronstaid. in tlm pmln I ion iind 
finalysis of Hin-raft pt'i fonnam r 'I'lns should 
not ho talo'ii to nuMn that tlu* i-lh-' t of V Vi is 
not a|i|)i(-( i ihli* o\i-r i widi i laii'.'i- and it is 
known tliat whi-n tlio fiji s|»is d i-m n ds tin- 
vi'lof'itv of Mound in in, tin' assiim|itioM of 
I'onstani'v of /", hroaks down loinph-tilv 
'rhoro IS t I iiisidt'i ah|i> twidinii- from '.oinnrry 
<'X|ii-i iini-nts Ihiit (ll) still ' otitiniii s to hold 
loii arionnilii d [iiitposis, t lu-K-foti', it is 
assiiini'd til it Mil o'luatiou ot I ht- foiin of ( 1) 
holds with tho dosii ihlo uctii i' y \ i hant'o 
of form I., how'i'vi-r, made whuli hisimpoil 
ant rons('(|iiriu I'-i m piislution and anaK.sis 
Dvvinj' to its lotafion thi' attitndo of the paits 
of an air .siTi'W m iv < hant'o in a dilT<-n-nt wa\ 
fioin that of (ho puts of an aoiopliiu' ijlidi'i 
A litth* ( onsidi-rat ion#w ill show (hat thr :/i o 
mi'W'V of (ho motion is not , ham.'od il tin- sp, (>d 
of lot.itioii and ot ad\aiio(' of th< ansi i.-w 
inoioa.so m piopo|<ion In a'l^idamo with 
tho lawss of d\nami' d sniiiliiiti it is found 
that put of tho ido i of at t it lido c.ui ho oo\ i-ird 
hy a factor whou- a icpu-scnts lota- 

tional Hpood, V' foiw ud spu'd, and / tho soalo 
of till! air Moiow riiis ll nls (o tho oipiation 

IC - ■ . 0) 

n ■ ■ • <“> 

whoro Iv stands for a foico If wo idcn(if\ 
ll with thrust, uid put 1* toi tho diameter ot 
tho air screw, tlo'n it is usual (o write 

T t.hrurtt . . (D) 

and in a similrr w,v\ 

Q tonjiio . (Ut) 

whoro, fiv^m tho comparison of (Ot with (M), 
it wall ho soon that is a funotion of \ a I) 
Init has no dimoiisums. N’ahu's will lx* found 
tsihulatoil a% tho ii'su^t of o\iM‘rtmont.‘ 

(i.) Intcnututn of Jir-vc/^at’ and Aeroplane 
(ilider i'haraeter,'^i\is,~ -\\\ nir-scrow imnlnoos 
a thrust hy dynamical uoans. ami one of tho 

* Adri.ioru Vommxhee for tAeronaniics, li)14 l,'», 
l>p, 205*273. 


I const'qnoncos of its iiso is a blast of air ovor 
I pait.s of the actoplano ^didor which produces 
! an a[)pro( lalilo im roaso m icsistancc. The 
i aoroplaiio ltod\ has an oth-ct on the au^scrow of 
] mm ll snudlor amount, ^onorally in the direction 
of iiicica-M'd ethcKan y and mciea.sc' of experi* 
mental mean piti li. It tlun follow's that 
thcon-tically the rcsistaiuc of an aeroplane 
will depend on \ m I >. whilst the ]K‘rforniance 
of tlu* uir SI lew will ili pend on tho an;alc of 
' imideiiK* of tho aeroplane. It is (lossihle to 
UK hide these etfei t.s without soiiouH addition 
to tho dilluullies of tho theory of the pre- 
diotu'ii and aiialy.sis of aeioitlane pf'rfornuinee. 

§ (d) l<'s«;iM. (i ) Tor/Jin- ti/iil Spied. — The 
toiipio ahsoihed hy tho an seiow is equal 
to that t'i\en l»\ tho eiipnu*. and tin* speed 
of lotatum iiK leasi'.s until a h.ilaiieo is ob- 
tained 'I'he eoinhinatioii is V(‘i\ stahlo, for 
the t'tiipio uf the air-si lew ineieases rapidly 
with spe* (1 Ilf lot ituai at eoiislMiit .iir speotl 
whilst that of (he enirme laiies little It is 
iisii.d to oive a emve uf eiiL’iiK' |)ower with 
' speed when the enuMiu* i.s de\( loping ma\nniim 
1 pouet and t'l Use this m analysis and jne- 
diitioii \ti n ham e is placid on ellr^os 
oht, lined iindei other loiulitions of th(* ('ii^'ino 
eonlK'l as no iiu'ans is known of mtorproting 
t he lesnlt i 

(n ) \'nn(iii<ni nf Pntrtr irdfi Hi n/ht. The 
pow el <1* \ elopi d l»\ an eii'.mie tor t he h(‘st con- 
ditiousof runmno decieases mote i.ipidly than 
the delisitv ol the ail m the mdlietion jllpe. 
\i ranu<-me its have hi i n tiled for maknit' 
j this deositv i^uatoi than th.it of the (‘\toinal 
, atmospluii' and li-.id to .i snpeii harwod 
engine In the ueneial ease, then toi(>. the law 
of \aii.ition ol powei with luii'ht will lie \ory 
\aii.-ihle and will need to Ik* h.isi'd on e\p(*ri- 
ments i-ilhei m .i hiLdi altitude test-hoiiso or 
on some uioimtam jieak If no .su|)eri liargmg 
de\ ll es aiv used tlu* dilKiU of the air m the 
mdm-tii.ii pipe I> Mi'ii-,il.l\ that of ihi* atnio- 
. sph('>e It IS pioliihie that the variation of 
powei is dependent both on deii.sitv and tom- 
()ei. (mo. .dtluMudi the amount of tho dilTor- 
oiioe due to (empeiature is small. Most 
of the analysis wlmh ovists at the moment 
(IstJd) a^su’iuM that (he vaii.ition la a function 
of ih*usit\ .Illy Ccit.im .simphtieatinnH uf tho 
method of teduemg nhservatious result from 
this assiiniptiou. which is seareolv less accurate 
th.in the (d)scrvation>, themselves. 

1 he quar.'itios d-esenloial above iv'present 
tho'io of im|>ort.uKo m tlu' modem theory 
of pmdietion and analysi.s. There are othora 
of whii h aoeount oannot n'adily lie taken. 
! Ep I'uru'uts In tho atmosphere will charly 
inoriMse tho ohsorveil fate of climb of an 
; aeroplane, and a sjmil.ir effect may l>e pn^ducM 
I a stoo]) gradient in the velocity of a hori- 
, /onlal wind. Tl» latter effect •’an l>e found, 
; if big enough, by llights in oppo.Hite directions 
• 
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over the same area, ami this means of oliminat- j ln'*tijr\rs mkIi as tiujee in Ftg. 1 («i). [h) (c), and (d), 
ing H*nno hourees of um‘crtainty is generally i .tml aii* m I mllv t'\|it'nnK‘iital. 1( in uit.\niiem tu de 
a(lo])(e<l. As h]K*e(Ls are estimated lelatue to ' Inu- tli<> m .dc / o< itjuntion ,*j un tlif N((iiau‘ nml of (Itc 
tiie ground in many instanees it is neei*.ssary | anaoftli. wing-..,,- vS. funlier. mik r ilu- dianuler 
to evaluate the 'wind speed either ilireetly ! „f tli< an M-n w . Ii.mges vmiIi ih.- m al.' i( will In* 

or iiidireetly ,ind eoricet for it. In tlie ease dc.- .al.lo lo in.o .t mi du- nitio li2;IS eoiiNtunt in 

of 1 lie engine it IS net'essary to assume that the d< sloping !»< i am uUhn. m to asNo<intc a 

meehamcal condition is tliat undei whnh the j drhiute an •'lO-w \Mth •» prihcnbcd luroplane. 



Fio, 1. 


power was determined on the bench and that 
the pilot IS doing his lx*st to maintain maximum 
flower. The imlicator for this purposi* is 
the revolution counter, and at a constant 
forward apeeil maximum power eorresponds 
With maximum revi^utmns, 

• § (0) Thkory of PuKDirnov ano Avmvst'j, (i ) 
(ienent} ~ Tin- oomnx’tion of tie* aercKh naniics of thi- 
aeniplarv glider and lur-serew^ith the pfiwer ehllr- 
acteriNtirs of the encme eonstituteH.the theor\ t»f pre- 

diction. The st'paratc items are gencrayy representwl 


i It lia-s ftlreadv Insm pomtisl out in eonnerdion 
I with eipiation that the reHiHtanre of an aero- 
plane glider dipmils not only on form hut 
on its attitinlf It w only "dh Htnught flying 
, that “ fx rfornuinec ” is < oneennd, and altitudo 
j then means angh- of mehnation t» the relative 
I wind: this fa* t is nf pWl.ent inifstrlanee. Kqua- 
tion f’l) with the ni*>*liti< ation Hugg*-st<**l as ansing 
from the air-fwrew now npywai^ in th«- form 
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wLorp /(JcjnH'li oolv 'iti llo' !»<’Oin»*tr\ nf th»' aoropl.ilio 
luid IM koowii cxin nin**n'allv, a H tla* aiij/'lo of 
joudorr JiM'l V'//( IJ h pi.vtit -4 lh< .ittitu In of th»' 

Mir M( rnvv II iiiav lx' ^l•olltl■ 1 witli tin- rooiiltant 

(wi tlin ,inr<)|»l!in< im liidnii/ iH mr v ri*w, uiul in 
Htondv vmII Ii*' 1 <pi il t.» lln \v< i/lit o£ th« 

a* rii|)l lilt' Jiri'l Ilf vr ilti III lit tlirt" tioM 

A comiili nil iit.irv' ' iiiri nii>'i to (II) ;;iviR tin* 
iiH'liiwiI ion of till n I'llt I'lt f Ip !■ Il to ihf dimtioM 
ttf motii in of I Ilf ii' r. i|)l,ini> t liroii^fli llii' .iir t ti-notiiii' 
till) iiiiv!l(' Ixtwi'i'ii till liifi liu'i of Ii mi l tln> noriiint 
Id till' motion liy it t'>llo.v-t trom tin- tlmory uf 
rlimoilitioili I lliil 



W thf niotf ifriii i.il ( xpo moil roiHi-ttont with tho 
|iri»f'ivlini» It'ui'i of till' thiori Sup o m Htcudv 
(Intli! (Ill remit, ml n m rti< ril the uiiL;le "y nuint bo 
f*(|tiiil to (he iiuluiition of (lie (In^ht puth to the 
horuontiil, an jiiii_'le uhn h H <1 m»f<' I i»v 0 . Cfin- 
dltlOIH Hillitllel III (he tteilv lllidlf of im lU'rOplAIM' 
uro then 

It w, > ■!> . . (Id) 


(ii.) 1,1'' I i lujht-i III liM'l itij^ht 0 H .o'ro iirid 
iHtuul IDIH ( 1 1 1 and (IJ) ht'oonif' 



/ HlKt I’’ Immiii; Kiiomu experinii'Mtiillv. whilHf n und 
V'/iil) art' ii’i^irdi I at iiuLiioimh it will U- ti'i-n from 
the Hoeoiiil e,|uiiliori of ( U) (|, ,t N,'#!) ht ooiium a 
fiiiietiun of (iniflti nf ineidtMii o. I'aiii^ (Ills roHult, 
dll' lirnt e inutioii (hen allows tli it tho I'xpn'swion 


W 




IS a fiiiiition of dll' made of ui< idciiee. 

Ilollt 


'I’liis H a liiDtl import';n( uhiiII It shows tint for 
a Kiveti aeroiila-i.' (he a ikIo ..( iiu i.lriie.' Js deter- 
’Uined lf\ dll 1 adifo; per unit m i (\\ S tr) and the 
Htpiiue of (lie m.lieiied nil spee I j rU ,« kliouii 
tiS’hiiii idiv MS indie'it>"l air speeil 1 1 f is (he reatliiijj 
shown oil (he m-ttnimeiif us.idiv proMded in an 
aeroplane or airship) If \V tloes not \ar\ ^nallv 
owin« to eiinsumptioM of fuel. »/• is sensddx eonstuit, 
and it (hen follows (hat a i>i!t»( teepi his angle of 
Jneidenee eonsUnt nt all heights h\ keeping his mr 
SfKM'd eopstant As (h- eontml and stalalitv of (he 
Hirorafl depeiel primal tlv on angle of meidenee. 
this jiropeite of (he air-speed indieator is a Mdimble 
one. I' xeept that the engine must U' nhie to turn 
Iho air-serew at th*' mjuired value of eoi' 

»ideratioii of power .hx'H not I'nfei into the nlation. 

(iiij /'Vif/Ah— |•:qtmtlons(ll),^nd ( 12 ) now 

lend to 



and the relation bety|een angle of ineiilence and 
advance pi'r rtvolution of the aii^son'w ( V «) depend* 
on tho atiglo of elimh, which latter clcarl}’ dependa 


on the jmwer which w available for (he puqKWc of 
climbing Kor emdi [losition of the engine controU 
there is a dillerent value of 0 , and, regarding V/nD 
os an imlejM-ndent variable, U will be seen*that for 
taeh angle of imidime, a. tliere is a f<ene« of values 
of 0 whieh ranges from u dimh with the engine 
fully on to drstfiit with the engine hto|)j)ed To 
interpret the result a little more iloseh, it may be 
n-marked that the <hf»endeii<e of / on \/«U is small 
and that W/'/A is ji|i[iM)\irr itf ly a fnnetion of angle 
tif mi idem e onh At miv levil in the atmosphere 
wha(ever, tin refon- it will lie notieed that —apart 
fioiu variations of \\ - (lie atitde of im ideiiec a la 
(It termiiKsl b\ mr HpiiAas (hi most impoitant item, 
and ( ir») then shows di,i( at a given angle ot meidenee 
the clfcet of nil r< a-mg the power delivered b} the 
eiigiiii' IS not an iiu re.ise o( speed but a < bangO of 
im luiation ot tin lligbt path to the hori/ontal. 

\^’lth tins raiiL'i of solutions of (Id) pei-fornmnce 
IS little ( om t rued, atid tint snliil ion w loi h makes the 
tall of diiiih a ma\iiMiim is (he one with which 
diet x(ii<ssi<)ii ’• I de of tliml) ’ IS iisiiallv as^-oeiated 
'I’liH 1 1 no( <piite I (juiv all ill to iiiakmg H ii maxitmiin, 
for the I t(( of ( limli IS \' -m mid V" dt pends on 0 
if lilt t nciiie H <l< vt lopim: full powi r I’lie m.iMimim 
late of (limb (Mdirs foi an migit' H latliir li ss than 
Its inaMimim \ .dm 

'I'lie etaom pouiriiiijst baiaiire the powf I absorbed 
b\ tilt' uir-seri'w , .mil In m e (hei ipiatioii 



follows, (ur till jiower is im .o iin d ^ bv the 
proilm t o( rotational vilotUv ami aii-serew (oniue. 
In tins cxpitsmu i/t.i, \;ii|)) m wntlin foi the 
(' f t((l()) Jlv .1 learraiiL'ciiieiit of (inns it, may 
Im- (oiin l .bat 



l>* (,A>^.s)- 

’ O"^)' 




.m e\pr<ssioti whah van Iw si eii to Im- ei|uivulent to 
(l»t) It (In- tt-rms U- (ollivti-d The latm 1)2 to B 
IS const-mt n p.irl of (lie geomi trv of th.- m-ropl.ane, 
whilst (he first f.utor on the iiL'lit-liand suli- iiKMhlics 
the d('[)eml(mee ot the c\pri ssion on \/m 1) without 
m.v ('sseiitid ehmige in the inathematii .d form. 
Kipiation ( 17 ) mav then k- viritten as 



the change from fo i/, eovermg the constant 
multiplier ami the factor (iiD/V)’’. 

From ( 14 ) it i.s readily deduced that 



and with suitable use of this mid a change from to 
vi-, equation (IS) lakes the final form 



* Sc»al3o “Airscrew, The,” § (14). 
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Without any approximations other than thnae 
introduced m the formuL^tum of the of the 

tiicory, It has U-en found that the horse-power p«T 
unit weight multiplied by the square root of the 
ratio of tir density to the loading of the wings per 
unit area is a function of angle of incidence of the 
wings and of the ratio of the advance per revolution 
of the mr-screw to its diameter. It is not neressary 
that the engine be working at full power m order 
that (I’O) may }i"ld for the relation is eswentiallv 
deiiuted from tlie a<'r<«lynamics of the air-screw 
and aeroplane glider. 

W ithmit loss of geiicralit \ . either of tlio equations lo 
(!.■}) may l>e rephn cil li\ (20) in any theory of 
iuToplane perfoi niaiK i' : tiii^ ( liange bos an 
aihuntnge in that the variables \N7 /jN'*S and 
VjW \ are intimately eonnistoil with 
idc.vs ohtainisl from exfienence. The rate of 
eliinh, V,, which is readily deduced 
from (1.')), IS tluTc M'cn to he a func- 
tmn of a and \|/d) and now as 
an altf-rnatnc ma> he cxpresseil as a 
function r.f and P/W 

I'lms the formulae of prediction 
and analvHis of aeroplane [icrform- 
iince in final form ma\ lie given as 

:„)■ <■-« j 

An cMinination of eipiations {.*1) and (22) q 
will show that the nuinher of unkpendent ( 0 
\anahlis fo tie cnnsi(J(-red is twt> only. It i 
should he not 'd (he cijuations do not < — 

ensiiic (quilihrmin but only detme certain con- 

Seqiicnci .s of it 

In ii.sing (21) and (22) tlie assumption is made in 
jiractii e that \7\ p, t/' ih a nia\imum and this m • fleet 
Tirikes ( 17 \V)n//'/'c the only important independent 
v.inalile. l{(sults-of u test may then U' shown by j 
plotting Vv'' />/«’, V, V phv, and \'/nD as ordinates 
of inrves on a base of Vj\V\^ pfu'. For an aero- 
plane a l\()Kal diagram is given in Fig 2 

(7) r,si;s OF Kquations (21) and (22) 

\\lll(MI DO NOT TXVoL\ K A K NOWLKFKJE OF 
Tin. Forms of tjik Fti.vrTiONs / and F. — 
In general, tlu* application of tho theory of ^ 
prediction starts from an experimental deter- j 
inmation of the functions/ and F of espiations ! 
(II) and (12). hut an examination of equations ! 
(-1) and (22) ahow.s that certain problems can ! 
be solved without any direct reference to the j 
angle f>f presentation a. It will Ik* clear after j 
very little consideration that equations (21) and | 
(22) apply to all variations of atmospheric I 
Conditions and to such changes in the aeroplane j 
as do not affect its external form. As in- ! 
stances of the latter •lay be given the change J 

engine without change of air-ierew* and the ! 
change of the loa<l carried in the aeroplane. I 
There is, however, one criterion to be applitfl j 
which is not wholly covered oy the equations, I 


j for^it may hnpjKn that under new^ conditions 
for which acrod\Tiamie D'quirT'incnts are 
I satisfied the engine is msnflieiently powerful 
i iC' Irive Ihe air-sci(*w at the nce«‘s.sarv simsmI. 

So long jis thi'ic IS n‘scr\c ciigmc jniwer, 
i the K'lafions shown hy (21) and (22) itr the 
I curses of Fig. 2 give coniplcti' mfoinialion 
I of the pciioirimnei* of an aeioplanc in any 
, atmosp'.oK w h itevci muI for any loail cairieil 
, st) long .i“x i!m change^ of load an* inaili' inside 
I the aeioplane. 

I It has alreiily lieen n'liiarkiKl that curves 



0 4 0 6 


F power. I'nit puwer-^ miif force at unit velocity. 


advance p< r r< \oInfion of .ur-M rew n^ a fraction 
ot It's diami tci. 

V vcliK if y of (ligiit p -xfiir (Icrihity. 

Vc_veloti(> of iliinh. it**wing loading per unit 
arm - W/h. 

With tin above definitions tho niitniicr.-, in tlio <'liart 
applv loaiiv M'li-con->ht< nt set ol d) niiniu ,d unites of 
mass, l( ngth, and time 

an* found exjienincnt ally which express the 
power of an engine m terms of revolutions, 
there being a doubly inliiut<' is'nes of such 
curves each memliorof whicli corresponds with 
some specified density and temperature of tho 
atmosphen* Henccthevalucof(i’/W’)V Jrv cun 
he found as a function of the revolutions of tho 
engine ami the known eharacteristicK of tho 
atmosphen* corresponding with the conditions 
of a new* problem. If the flights U; level flights, 
it follows from (21) and (22) that fl*/W) \ pjiv 
must Ik* a definite function of V /nV in order to 
satisfy aerodynamfh requirements. Also for the 
same condition of level flight it has Ixen seen 
that \ pfw is a •function of the variable 
(P/W) \^p}w, and hence from the otrodynamic 
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Mtile of th(‘ proMeni i8 obfairu d a M'<oii( 1 rr-la- i 
tion fMitvvct'ii ( 1’ VV')\'^ arul a. 'I’Ik* n-Hiilt4if 
t)if‘ ali.ilv'^M I'f tlifU sh(»\v fvio irMlr*|»CH(l<*Mt | 
f'l.if ii i(iH fxiatinffit (| ti.uif if H 4 . 1 lii-if IS one 

puitKMil.if v.ilm- Ilf u a huh sifiiiilt,inf«i(i>ilv 
Malisfii'M liiilfi the i< «jiiiM-iii( Mis <»f fhc < 
atnl .HI ri'M 'I ill SolllfliiM of flic MIlMll- 
tflllCiiUS I fj It it I' Ills IS IJ'iL.llIv i.UIImI nut 
J'ril|itll( ,lll V. Illl'l it I’’ at OIUI' nhvinlis th.lf 
adi'j^Kf of mat ill III 1 1 1( ,il iuiiirmv <>f hoIu 
lion (iiii lx* iitt.iiiiMl wlmli H liiu'h t'niM|i.it< d 
ui*h till' ( \|H-niii(‘iit.il d.it.L In whuli it is 
a]»|ih<d 

If, (Ik II, In t I k‘ ( iirv I'S nf ! nj 2 l'i‘<idilMl 
<’Ui vox nt Mi!.Min' I Miu I I as di | iriidcn t mi i«‘ \ nlii - 
tions, di-n'^itv, mid ti'm|K't.if no-, if im im^sdih* 
to pioilii t till- iiiuMinUMi Imii/nrit.il 'iii-i d nf 
an iirin|i| nil- a( .mv pirt of ,in .it iiiiM|ihrir, 
Mt indmd n| nt hi-l \MHi-, fn| anv \.IIMtlnrM of 
inti'in.d In.id. 

h'lll |Ik> |ll|l|liHrS of .Sim|)lll lt\ nf Ms, . It, h.is 
lil't'll Clislnlil.il V In rxptcss nsillts m trims 
of sprrd in a st and, iid at iiinsplirrr. and sn 
(dit.iin irsidts wlinli ,tii indrpi ndrnt of .n < i 
di'lltal mrtrninloi^M ,il i-oiidltiniiM 'I |ii>, nirthod 
of prr-srnl.it mil of irsults slmws (hr nvnall 
rIVii'iriK y of an n< in|ilan(' .ind rnrinr in .i fnini 
l.llltaiilr foi ,111 rsliimitr nf its iiiilil ii\ m i nni 
inrri'ial \aliir If in .idditmn di.irmins sm h as 
h'ui 'J l>r |»ir|i.ii('d. a diirif rninpaiHon n| tin- 
arind\ natiiir inrtils*is nht.umd l>s siipri 
posllmn, that m'lnplaiK' In inj.: most satis 
fai'loiil\ drsiaiu-d a hirli ;4l\ rs t III lilirhrst \ diir 

of \ /i'k’ fill a t'i\rn \ alur 

Uy till' list' nt lint ll I I Itri lolls |t m possiMc |n 
Mululividr thr n-latiM- pri foim.iiK i-s nf (wo 
arroplaiirs and to assrss i|n,iiitita(i\rl\ tin* 
JM-opnl'tlnfis nf thill dinrirnr(\s wfilih aiisr 
from I h,ini;(' of I'liainr powm. i h.oiun' of tnl.d 
and ililh'ti’mr of at lodMi.unir dr-nm 


Thw may njiially wi ll U- wnttrn as 

;v./» 




(20) 


siiK I \ /,'!/ 11 (oiiit.iit li\ a‘,->iim|it ion iliirinp tho 

|,ar(ial di lit n lit uit mn .\|'|,lv 11114 tins to (2!}) shows 
tli.il for till- ' ( nditioii,, of iiaMiimiii lati of i limb 
\\ v'lf M '■till a fnm lion of (I’\V)\ / n aiidhriiir 
till- I Hill hiMoiis ,iiii\(d III fot !i\il llajlit as to thr 
1. • of < i(iiali<iiM t 'I ) and I or /’’a/ lair\,ihillM 
n latioii to tin nia\niiirtii r.to o| i liiiili 

I'll! <oiiditioi|, ct I ompai 1- mi ni.iv hr j/riirralisrd 
l>V ohs ruia' that (J't) III.IV hr i iiaiii^t-d to 


\ 


/r 




'■■•P s 


/-, I- A - 1 




1 01 till r d< ot I'linili I hr rondthoiis ut, a hllli' 
tnoiM 1 oiMjilnx Tin (piiiititi l(•.MnIt'd drp. -iiN on 
til'’ pud o! Ihi'ht as an .nlitro vaiiillr, (hat is. 
for thr initial londrion that ll -• , tann. is dmr-lop- 
111(4 Its nia\minin pow.-i |,,r tin- p.oti- nl.ir londilions 
ot thrill, tin l< IS in liiliiutr s, r i,n ot olhn-r fol (hr 

mtr ol lunih wliii'h di ponds on t)»*' < la tlido 

uprrd. Imoiii (Ins s,tit-s ,s»N(taitrd nsof s,H,id 
ilitro'st (hit 111. ol .hmh wlinh is .1 ina\mn in 
for vaiiitlon o| ih^lit prril mnlrr norn aOno- 
Nphriir I'ondllioiis, In (tinis ot tin- ar,s>ialisi>.t 
variahh'S in m us, si it is drsinsi to rhoo.ia \ \ p tc 
or \\,pV''’S HO that V.\ p « hit.s ita iin-Kiinum 
valur 

If wr wr^r ( 22 ) in (In' form 

1 - A. I 

' W \V N M* f ’ 




(2.1) 


and dilfi-nnt latr witli r<'spivt*to V (KrrpiiijjrX p'<r 
constant duimg tin* o[H'rHtionh tho comlition to t>r 
Batinficd ia 

iy 


« 0 . , 


. (^ 4 ) 


and it 1' thin • l< ar tlia! foi a i onstanf an(4lr of 
« linili (I tin- van d'l,- \ \ „ n maiio .1 liiin lion of 

(I* \\ )\ a a |oi ill Midi pmdi III \ ii i.il ioi| o| \ ,p, .md 
a ll tin 11 III tin tiiali ot .m n lopl.ini . f\[)( tmii-lil.s 
I writ- made to d< ti I in.in r iti s ol i Imih ot In i tli m ( hr 
' in I Miiinm and i 10. ol In r . m v , s n, nild hi nddidto 
It, 2 ,ind o Olid. I po dill tin pndiitionot ||ii.ht 
und. I .iiiv 1 111 iiiii I in. < ^ tow la, li tin .k-I opl.nir 
ra.i> Is- suhjol .,1 h\ va'iatioio ,,| 1 ni.'nn ihiottlr 
01 . 1 . \aloi po ilion Tins i \li ns|on n| tin- possi- 
l.iliti s of 11,01.11114 die piiloiin.in. s of .iinntl is 
I ll. I\ ( ,|l IK .1 oil I OVM'I/ to ll S III I In \ diK 111 I.OI in ll 
n In a f« w . ,is( s (in , i] nn ,il. 11 1 !< a , |i,i u hi rii 
niadr lor ir-n mil piii po . , 

ft li.as fiiithri las II iisii.d in thr irdurtion 
of Itritish |irrfi.im,inM- nsnps (n u.ssniiie that 
thr h"Mr' pouri • .f an rnmiir is a fnnrtion 
of dtuisitv onl\ ilii.s ,i ppi o\ I unit mn was 
jnstdiahlr m \kw ol thr stair of kimwhsljjr 
• ■Mstmo III 1 ;> 1 S, and a!l!ioii_di tlx ic is now 
r\id(m-r to show that a distinct trmpriatnio 
r-lfrc t cM.sls. It IS also c lo u |l,,,t thr rhanui'S 

mtioduK'd iiv thr nrw kimulrdLC' au' of a 
Hcromhirv onlrt. 'I'Ik' raltmlatmns ahmh com 
\rit in oliscrvc'd prif,.rm.itir(' into pri-foim- 
amr m a stamiaid .-itrimspln-ir an urratly 
simphlK'd ti\ thr iiralri f of a tr-nijrrMturo 
cO<s-t, foi hoth the' .urod\ naniirs and rnj^inr 
|).>wrr th»‘M dc-prnd onK on thr sniLdr atmo- 
sphriir «'h,nui '.rtistm. dc-nsitv. Thr obst'rvrd 
Sprssf .\nd i-ilr of (limit nrrd onl\ fa* as- 
j rrilHs! to a hmirht m thr stand.) nl atnio- 
I sphrn' whrir tin- drnsit\ m tha‘ recorded 
in ohsrrvation fm the nrrrssary redurtion to 
fn' made 

For r«*asons ronnrctrd with alichtinc there 
has Item a Irmlrnrv t# thr stereotyping of 
airorafl of a uiven riass. Apait from this 
i ( onsideration, an ap[ih(\itioti of the preceding 
j /ctrintilae shows^tfiat eronoiny of use of 
aircraft as a means of transport demands 
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^ 

^ larj^e valuoH of w or. iiltoriiatively, Itnv values 

. of 

^ <j (S) PlU 1)1< 1 ION' FIO'M KM’KIUMKNTM. 

^ Dvtv ^’iic valiusof tlu* functions / ami K <if 
fijnation'^ ( 11 ) .uul ( IJ; or tiicir i qui\.iU'nts are 
liere iieccH.H,ir\ . It i" usual to \\, irk wit n the 
(■oiU})onont,s of tlie iisultaul ait foiee ulinli 
he alon^,' the <hM'< tioii of motion uf the .iir- 
< raft ((haul and iioiinal to il ^Idtt lathei than 
uith the ma^'nitude and direetion of flir 
resultant d he htt and diae of a I'oinph le 
model aeroplane nhder mas he <letetinm»d 
in a wind ehanm 1 oi the satioim ajiproMmale 
theorems m addition ni.fy he used It has 

been found that a disistm of the iisistaiue 
ni.i> Ih' nride, one pait depi ndiiip nii the 
wniu's and the other on t lu' li st of the leio- 
[»lane, miieralls' known .ts the ‘ hodv " m 
this toiiiieillon The hoils le.sistaliei' itself 
nias' hi* siihdisideil, hut m uem lal tin o "iilt 
foi eai h pul pises ,i \ due whnli saiie^ as 
the .s<|uare of th<* spei'd within the limits ef 
pleseiit knossledpe It is not ii'il d tor the 
detenmnalioii of the lift arid dia/ ot the plidi i 
to mehide the elieits of iIk* an sen W owmp 
to the (hllii nil les of lepiodiunu' the lattei on 
asiiiallsede 'This di te k m \ is m IaiL'<* p ii t 
K'lnost'd hs the iisult-i of s\stemati< le-'ianh 
on tfie siihieit. as a lesult of whnli i' h.is 
appealed pMinissdT' to i linnn it< the wiiiu's 
and lomenliale on the 'in o isi of Indy 
lesistaiiee, a i haiipe wIikIi [leimils of the m-e 
of LTieatls nil lea ed moth k |n the mai 
fiituM' it will he jfossihlt totalis tla'tsptii- 
meiit d ssoik to a L'natei deoiee of itliniimnt 
m tin* m-w wiml < liannel of the National 
IMissieal li.dioratois The ss-ukine hi<tion 
of tlie an stnaiii is 7 ft h\ It ft ami will 
inlmif the tt'stine of (‘omph te inoilt Is laipo 
niouph to ('onlaiii an eleitne nettor for 
dtisine the aii-s(iev\ This is the (.ids new 
condition rei|uired m tin ae<nr<ite tfst'np of 
a nioilel aeroplane (oniph-te with aii-sirew. 

Th e null oiiie of iiTial\s|s of (si'-timr tiala is 
the reeopmlion of IwottTeits of tin aii-‘m<w 
on the IvmIs resistama*. d'he fiist is a rediK'lion 
due to t he slut Id me h\ tin’ hoss an<l t he s«'( ond 
ami nmeh more im]ioitant paii is an im ie;w 
whnli de])eMds on the eomlitions of \\orl<ine 
of the an -s( H'Sv. If H/ denote t he n hii^huier* 
rif parts m tin* slip-st ii’ani when the aii-siTew 
is workinp and tin* salne m the abhoncc of 
nir-serew, tlien it is found that 

H,o.K,(o.S-, + I.2 . (27) 

repU'si'nts a typical lelation ln>1ween tliem. T 
is the thrust of the a^r-serew', /) the air (h nsily, i 
V the air sjKs-d out -iih the slip-stream, and 1> , 
fhe flianieter of the air-srrew. Jf T Ivf* 7f ro, '■ 
it will Ih^ seen that R/ <> H.'iU,, the cliffereu^ e 
between 0 S.1» and TtiO a shielding hv 

the Ixias which was refeired to earlier. It la 


j in ^*ar( du<* to such a shielilim^ as w’ouhl lie 
; eanseil h\ a sts>])}K'd aii-sen w' Ihiss, but iiltH) 
' in part to fhe but tliat tin' How through an 
' air-.st-iewd •' s not is'iisi* wlii'ii '1' lH*eomes 7ero. 
It IS ]irohabli' that the inleguil elTet f wliieli 
leads i<t r 0 is m.ide ii]> of positive element- 
.i\ ttiriist- on the oiit« 1 p.iilsof 1 he an -si lew 
hkuh s ami 'll j u i\ e time ts on the iniu'i jmrls. 
Tin etle. 1 o* tie l.itl . is to iviliiee tin* air 
Veloeitv ovyi ' iie hod\ .old so add to the lllori' 
dliei t Hhielding. 

'I'he tvjH* of iMinniion given m (27) lias no 
known ex'i e])t lolls, the v.uialioiis ohsiTVid for 
difTeieiit an si lews and hodn-s In'iiig eoven-d 
hv I h.uipes in t he eonslant s U S.) and 1 2, 'I'his 
ajiphes <-v» n foi sill h stiiknig v.in.ilion as that 
]*iodined hv < h.iiignig the aii-sirew fioni the 
flout of the hodv to the rear It woiiM lie* 
e\pe<t<*d tliiit ledmtioii of iiii- < mw diameter, 
whnli involves .in nnie.isc of slip-shi'am 
Vilo. ity foi a mveii thiusi, would iiiodiiee 
maikid i h.inm s ni the faeloi I 2, and m 
geiieial the f.utois iiivolvid in (27) Klnuild 
In* iig.itded as i‘\pi*iiment.dlv deti-i miiU'il 

I oils! .lilts. 

With the l\pt of eijuation aliown it ia 
po-sihle to K pi < sent simply the glidei lesist- 
am<* of an ,n lojilam* as alleeieil hy tho 
woikiiiLT of .in . 111 ---erew . ’Die lol.d lesisliiiien 
of .111 aetojihilie R Ixiilji <hwi|ed mlo its t WO 
p.iits R^j .uid l{,' lesp. tively dm* to piuU 
oiitsifk* the sliji stri'iiin .ind those ni rhe 
slip-st team. It 1^ to ht notid that l{„ de|K‘ml,i 
m.iiktdlv on tin .ingle of imidime jis if aiisea 
l.u ge|v from the vv mgs, vv h list It / is not wnsihly 
d(]M nd»nt oil ancle of nu idem e over the 
muimil angles ol flight, .An ajipioximato 
v.diK* foi I! Is iheii ohtiinied m tin* foiiu 

K o). . ( 28 ) 

when* /,^ iH tin thrust eoelli(i(*nt delinerl in 
eijii.ifioii 1 ) ,iml li„, R,, u !iml h aie i*\]M*ri- 
miiitrdlv d< ' et niim-il <juanf It leK. 'Dn* (*fh'et of 
the air-s< rew sli]>-wl lejun on lift is small and 
is Usually m-gk < ti d, whilst, iuigles of elimh aro 
small enough to lome within the definition 
» os (t I to an ordei iif at r iiraey KuOii lent for 
liieM'iit needs, 'I’ln* lift erpiation in tlien 
simjilv 

L--W ( 29 ) 

where \V is the weight of the aertiiilane. 

'Jo the Hame degn>e of Hjijiro.Mimilion it is 
found that • 

T=H-fW^r, ... ( 30 ) 

s 

r 

the cquivah'nt ]Wivmefil idea, lM*uig that the 
angle Ix-twwi the hue of jwtion of the thrust 
an<l the ilrag uxih is nmail .an<l that the effect 
on the fortes acting la firojKirtional to tho 
cosine of tliw angle. 
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Jntrmliu'ini:? thf? lift, and dra;' < i<yita 
of (a) irit^) leads to an conation 


'I’ho valuation of kp <•< e\]H-rjinenl,il and 
dojMaids to a small <'\teMt on the iin-Hrnre 
of tho Iwtely and w'iu;^s of tlio (u'M»|ilane 'I'ho 
dejM'udetici* on an^'lt of im idf me is so small 
that no measurements of it lijuo yet Ixs-n 
made, k't H deli-rmineil fioin measurement>H > 
of the tlinisl, of the air-Mcrmv with tin Ixxly 
in jilaeis (a model i.s used) and is a fumtiori 
of V'/alh 'I'he whole of the left hand side 
of (.'ll) then IxMvimes a fiiiietion of N'/aDand 
may us<‘fully Ik’ adiijited as an aii-serew 
rliarai teii.sl K and Is- denoted hy K p Simi- 
laily th(' tw’o item.s of diae (/|»)„ 'md u(/|,), 
may Ik' represi'iited toilet her hv a ilr.o' 
('(M'llieieiit Kd, and with this nolatioii (31) 
laieoiiM's 

K r Kn t ki . . . . (32) ! 


'I’he tnKjiie of the uli-seiew With l>od\ and ' 
winj^s in ]>la((' i.s usually detei mined at the j 
name tune as the thrust, and the neiessaty j 
condition for en^'ine and air-sennv hnlanee is 

, »i.* <■> (:•;» : 

II O'lation wliK’h is onl> of im]toitanee when j 
tlu' enjj;ine is *' all out • 

'Pile neet'ssnrv e\|K'nmental data for use ' 
with <s|ualions (31 -3:i) ao' t\ jutied l>v Fi<j t (u), i 

(/>).(.). aixi ('/). ‘ ' ; 

I'liiuatioii (33) ditfers from that ^mmui eailiei 
onU m the faet that, to a tiist approximation, | 
has Ihsmi shown to Is’ imh'jH'ndent of a. ' 
If r Is' ih'liaed as equation (.33) can Ih‘ I 

ox])anded to show that 1 



s \ V /,. 

27l>*VilV w 


(34) 


For a given »stati' of the atmos]»}uMe det'med 
cluetly hy IK I* is a known fuiu tion of n for 
the engine w’lien fully out and (31) is si'on t<> 
haul t.o a ix-lation ix'tween \’ ami a and known i 
quantities iv|)res<*nt<Ml l\v Fn 7 (1) Th«' relation , 
iK'twis'ii \ and II or \7/<l) is inde]H'ndent (»f . 
tho nit<' of elmih of tho acro])lane hut not of : 
the height in tho atnios])hon'. In general ' 
then' is, tor an ineivast> of height of lO.tMM) ft., i 
a small reluct ion of ri'vohitions at a gixon t 
true sjHssI of Ihght. j 

Oneo tho j^dation Ix'twot'ii and n has boon | 
dotonninod in this wily equation (34) gives a i 
relation whieh oonnoets tho quantitios A V f>ftv 

and P/WV /’/"’• I 

From equation (^2) la dbtainod a further j 
relation wkeh dojHMids oif the angle of in- | 


eideneo of tho wings. Kr» ia a function of 
angle of im ideneo, and therefore of ki, which 
ran Is' ri'prewritod a.s m fij 1 (u). Kp is 
hiniilarly an e\p<-nment<il n suit dedtitcsl from 
tho nir\e for Ly m f' nj I (^7 e\])res8ion 

for Kp gi\<-M m e(}iiatnin (31) To see tho 
lonneetloli of (.32) with those d('dueo<l for 
geiierali-K d \aiial»les rewiite as 

V, A . ( 35 ) 

\ w /.l. \ W’ 

or Hin.'o ki. fv . . • (3fi) 

^ \ w' 

v,/.;; ,K.-K.,)(v^/;;,)-'. ( 37 ) 

'I’he itlafion show'll 1>\ (37) d(]w‘nds both on 

angle of mcidenee and on \ jnl). lu h'vel 

flight V7 IS zero and lienee Kp Kp. This 
eqn.it ion IS .solved witliiiiit (litlimlty hy a 
pioeess of gi iiphii'.il Hnliition of smiult.ineou.s 
equations It has alieadv Ihsui sf'on that 
from (.'ll) sirmiltuni'oiis \alue.< of \’ and V/al) 
< an Ik' fouml if the uiL'ine is .dl out. 1 '^mg 
this knowledge, a.-.'-ume a value tor V'//il) and 
dediKe Kp fl<uu lheaii-s(irw < lull art ei i .1 1 ( s ; 
t hi< I orrespoudmg value of \ lt‘a<U to k^ 

from (3ti) ami the value of Ly ma\ (la'n Ixv 

ploltisl against fhe i ili ulali'd valm- of Aj,. 

loii leads to a iiirvi' mtersei tmg that 
of drag and gives the reijuinsl solution of 
(37) wimh di'termmes tin angle of im idiaiee, 
fill' s]M>e<l and fhe advaiue pt*r n volution 
\//i|) vvIh'ii th<' tliiiHt h.'ilanee.s tla- drag. 
l•'or a given st.ite of the atmosp|i(>re and the 
engint' “all out” tlu' .s<rlulion is unique and 
give.s the maximiim s^x'ed of the aeiojil.uie m 
level (light 

In elimhmg Ihght the solution involves more 
lalHtiir, OIK' of the smqiler nu'thods is to give 
an arhilraty \ahn' to A'l, and henee to /p, and 
to u.se (;{7) ami t hi' ndatious Ixavvi'en \ and a 
in order to caleulale \ ^. 'I'lie maximum rate 
of ehmh is tlu'ii found hy plotting a iiuiiiIkt 
of values of \',. on a basis of A j.. (rial will 
show that the }*ix'emn>n m the delerimnat um 
of A I. ts not grx'at whiUt that of is eon.sider- 
able. Physieallv this means that the rate of 
eliinl) near the maximum is not gri'atly 
<le|K'n<lent on the s^xx'd of Ihght. 

§ (9) AnAT.YSIS or AfHOI'I.VXF. I’EKFOnMANCK 
i\ro THE Items wau ii dfi'Knd on Evc.ine, 

AkuOI’I.ANE (UgOF.R, AND AlP. - SC’HEW. — 
If the data n'qmn'd for proilietion aiX' a\ail- 
ahle, it is |K)swible to make eompansiin with 
ohst'pvi'd resultxs, and agn'emeiit would, in 
gener.il, indicate the substantial aceumey 
of the separate items nf^hc' datsi. It rarely 
happens that a designer of an ai'roplane finds 
himself in such a fortunate iKvsition, and 
eonst'quently di.se rt^paneiea of .some importance 
exist lietween tho e.xpoeU‘d jxirforniance and 
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that achievwl. In invcuti^^ationa which mtult 
it is tUwirablo that the juialyms tho achieved 
ivftuita should tlcjx*nd aa little aa ]K)8sible on 
facts dntan from cumparisona with nuiglily 
reproscntativc inodcla. It is not, however, 
]x>a8ihlo to ths]H‘nse with ideas of ^'cneral i 
applicability, and the Iheorv’ of analysts is ' 
li‘S8 rigHi than that of prt‘<hcti<ui. 

The kiiowlislge whuh t'oinnionly exists as a ; 
fouiulalion for anal^sls itieliide.s a t<st c»f the ‘ 
engine for jniwer under staiulanl atmo-?pherK [ 
conditions. In flight, ()h.sei\ations aii* made 
of the niaxiiiiuni sjksmI of the ucn»}ilanc at 
variou.s levels up t-o 20,0tJl) ft. or nion*, and j 


9^ 

1 (') and of the urdinaU'a of the tliruat and 
toixjue ctK-tlieicnt curvea. The standard act 
of curves is shown in Fig. 3 and inxolves the 
UN* of a (plant ity calh'tl ex|H'nmcntal mean 
pit<h, df‘iiot<-d by p and defined as the 
udvanee |s*r mm lution of tlu* an-scn‘W (V/u) 
.vheii the tliii'st is zeio. Kch'renec to Fi^f. 
1 (0) will -boi. that m that instanee p was 
equal to ] 14 I » 

'Pile thn-e ions' mts whuh are eharaetenstio 
of an iiidiMdual air .(cn‘w are 'i\ , (,|r, and /* 
(Fig. .3), and these aie to K' deilueed by analysis 
of jH'riornuinee Inals, 

If 1 ’h rejiM'sent the engine iK»wer under 



of the maximum rate of climb at all levels. 
In H]M‘cmI eases sn]»]ilemcntarv obserx ations 
are made witli the engine throttled and with 
the angle of descent changed. 

Prom these observations it is d(‘sir<*<l to 
deiluco n.s much as possible of the mformatuui 
typically n*pn*scntccl by Fig. 1 (a), (6), and (d). 
That is, an effort i.s to be made to dt'duce the 
drag cix'fticient as a function of lift cix'ftieient, 
the thrust and torque eoeflicienta of the air- 
urn* w, and the variation of engine pow'cr with 
height bir the actual atmo.sphore of the trials, 
Tlie key to the rnethixl to lx* (lesenbe<l eonies 
from a reali.sation that the air-screw eharaeter- 
isTiea can lx* appniximately isiverfsl by three 
constants? and a set of curves of univcrsid 
application. The three conitants correspond 
with changes of scale of the abscissae of Fig. 


standard conditions, it is assumed as liefore 
that /(//). Ph "dl tejirew'iit the jxjwer at 
some lu'iglit />, the bum of / deprmding on the 
ihstnbution of density and temixTuture in 
the atmoNjiheit! at I he time of the trials, 
j /(/<). I’s iH the quantity hitherto deiiokxi by 
P and 18 the actual ]X)wcr delivenxl by the 
I engine. By equation (34) it then follows that 


i^Q 1 1 

f(h) 


( 38)1 


I and hence, since Pg dcpnpd.s only •on n, it is 
I jxissible to dcduce#valucs of I'q//(A) from the 
i ob.serx'ation.s of n taken during flight. iSineo 


j ' A near ratio of uliit.v for dir-srrew Uf cnKlnc Is 
i awuinicd for rimph<it]i 1'lic rhaiiycH the cqua- 
I tiens for other values arc readily made. 


VOU V 
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V' iH alno «)bMcr\c<I it is easy t/> deilueo \//il), 
and by the assintiptiMn uf a value iar p to 
extrai t a value of from tfie standani 

air*scre\v (urvis ( 'otn luiimx tins result with 
eijuahoM i'-iX) lea<l.s (o an evaluation of a 
quantity i}(/f{/t) wfu<li f(jr a < onstaiit bei^lit 
must Im- indi‘[)end(‘nt of the rati‘ of climb. 
'I'wo valm s lor t, )(•//(/() at a ^Mvisi bei'^bt are 
obtained fotin tlie niaMmurn qss'd ami tlie 
maximum rate of (limb, and tliese values 
will only be e(|uul for a ]iaiticular value of 

tlu' jatcli p riiis value im easily found by 

trial and eiror oi by (.oapbicid .solutioiiM b»r 
the condition that t^cZ/i/i) i-, c(.nstant so lon^ 
as the heif.dit of hi.il is urn haiu/<s|. 

In this way the vahu' of /> i.s determined 

with all the ai'f'une'y ih-mande*! by the 

data. 

'I’he next stc]) m the analy.siM is to use thiH 
value of p m (oiincition vvlh (IIS) and the 
obsiTvations of \/al) to dedii. e valuci of 
bn exjicnmeiils with t he ( iioitu' '•all 
out” 'I'he obscivations usually rani't' fnun 
the j'lound t<» a It'vs I near th(> <(ihne ot 
the aeroplane, and cIikIv points oeciii vvhi. h 
indicate the (orrecliiess of thi' valiii' assiijned 
to /». Both Qc and j{h) aie nvidily dediie* d 
from the values of (,)r/7(/() by plot line the latio 
on an alMcissa of la'i^'hi, for vvheie the In i^dit 
iMMiich as to j'lve .standard densitv (Ih' value of 
/(/<j I.s unity, and la^ni' (he oidinati' at that 
point, is (spiid to t,t(i In any actii.il reduction 
it iifipeans that. j{h) is veiy closely a lineal 
fuiu’tion of density . the elTcct ift tempm.iture 
is small aiul (annot be shown e\M‘])t bv a 
fnithi'r e\]M-riment in a dilfment atinosjihcK' 
In |j:eneral it wt.uld ajipiMr that tlu' tempma- 
ture .should be K'^aoh'd as introdin m|; cor- 
ns'tions which nia\ Ik) <l('*i>iinined on a 
test bench and not from ob.sm vat ions m 
(he nir. 

I III' values of th(< expel imi ntal me.in piti h 
p, the torqiK' C(M'llii lent Im (( ' , and tlu' 

power faetol for heiuht /(At have tollovved 
entiix'ly fioin a < onsiderat ion ot (he aii-.siiew 
and engine toi(pie>.. I'o dra| vvith (linist and 
dra^ the am-oplanc adidm is introdueeil by 
means of the lift loettnient A,, 'I’he lift 

eiM'rticK'nt I.s hi're dehmsl as tlu' total foice 
on the amojiiane and aii-.scn>w divided by the 
air densitv, the area of (he winixs, ami the 
squarx' of (ho veloiuty. The amount I’ontri- 
biited by the vvimrs de])mid.s on the amrie of 
ineidmiee, and (he lift cmdlicieiit is not t heirfore 
that of tUe wim^s. 'The quantify defiiieil ha.s 
a eonsidt'iable pnmision as a function depend- 
ent on anqle of ineidmiee only. Kquntion 
(Utl) is then'lised to dydiue / j, from ob.servations i 
in flight. Knun the quuntitie.s prc'viously ! 
ovahiatod and tU« ob.serv atioii.s of V/iiD it I's ' 
easy to dediu'e (he value of TyKt from the | 
stiviulaixl eurves foe air-sen'vvs, and the ileter- I 
miuatiou tif Ty then pix'seiit.s httle dillieulty. I 


If we e.xaniinc (36) and (37) it will be scon that 
the latter can Ijo written as 

V.,^/';-(Kr-K„)yi,,;* . (39) 

and Kp is a function of /q.. From the series 
of l(>vel (lights some valm' of can be found 
from the velocity wliicli will give 

K,)..0, . . (40) 

vvhm-c ('P, Kt)) is ^ known, as seen alxive. 
Prom (be .senes of ob.servations at maximum 
climb a .si'cond idatiori is obtained a.s 

,v(T' («) 

I'apiutions (10) and (II) .sullive to determine 
()otb I’c and Ki, P’rom cai h pair of values 
of l(, Kj, and K,, foi a given then' will Ixi 
a .sej.arate determination of 'P, and Kp, and 
Ms the formei IS an ab.solntc con.stant the 
riAulUs .so obtained must be subjccti'd to some 
pi<Mo.ss of weightisl means sui h a.s that given 
l>y (he method of least sipiaie.s. VVlum once 
this has lH*cn elhs tisl cipiutum (11) provides 
the necessary r.4if ion Ix tween Ki„ /|, and the 
ob.servations takmi m llight 

I lii.s IS us far as (be general analjysis can 
b(* taki'ii. lo make the results directly 
, <'(*mpaiabl(' with lho>c obtained m a wind 
I channel it. w'ould bi' iKss'.ssarv to estimate the 
, values of u and ](I)-/S) h(k\^)i\ of (sjuation 

(31) ami H]»]>ly them to the valms of Kp and 
Kr df'dueisl a.s above. ’Pliere is little im- 
vertainty m either I'stmiution and the analy.sm 
I H then eonqileted. 

i In eonsulcrmg analy.sis earned out in tliis 
j wav' it a]))s'ar.s that m general the aeeuraey 
I po.ssible is ('f valui' m tracing the tniifw> of a 
dis<‘rcpaney Imtvvivn lucdiction and achieve- 
ment. .At the liighcst .s]M'cd.s itsiched, how’- 
ever, the lack of iigidity of (lie air-scrcw blades 
may intrmlm o largi* crror.s into th»‘ I'valuntion 
of K„ ami Kp The effect of this twist is, 
however, n-adily det<Tt<«d hy the fact tliat 
the curves for Kn depart markedly from the 
general form knowm to exi.st for aeroplane 
gliders. 

' § (10) Thk Pkuformance of ArR.SHirs. 

The calcuIation.s n4ating to airships are very 
, ditfenmt from tho.se for aeroplanes and 
j aerodynaniieally are imieh .simpler. The 
dvmamie lift is a relatively small item and the 
equation between thrn.st and drag is sensibly 
inde|)endent of melmation of the axi.s of the 
airship to the di 1*001 loVi of motion for all 
practicable angles. The equations given fftr 
t|;e aeroplane. Nrjs. (11) and (12), apply in the 
mo.st general easoy hut ( 1,3) is mod'.fie<l to 

^ R-W-B, . . . (42) 
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wheru B is duo to tho buoyancy of the Ii^dro- 
gon, K is then generally a small quantit}', 
and the usual eonsuleration of fH'rfornmiice 
assumea that it is zero. Sinee angle of 
iiK idenee (hws not njineat, the equivalent of 
(11) and (IJ) leads Uj the equation 

when* ip is the flrag cfa'llieieiit of the en\elo|>e, 
l ars, and rigging. .Sinei' ip is a l onstant, it 
follows that a single air-serew can only run 
at one \alu(' of aiui the problem of 

design is tln'i-efon' gn'atly siinplihed as 
eom]>an*d witli that for an aenqilane when* a 
high etlieieiu y is desired over a range of values 
of \7c<D. In the usual eas<' of more than one 
air-serevv a huge numlH'r of eombinatlons is 
jsiHsihle, but llu'se (aniiot Ix' covered by any 
simple rul( s. d'lie drag ((Kdluieiit Issomes 

when* F, tl« {M'lids on the liisl air-serew, J'\ on 
the scTond, and .so on 

'I'he determmatioii of ip presc'iits grc'at 
(lilheultK's, for the largest model vvlmh can 
1 x 1 testisl m a wiml ( haniiel is \eiy small 
eomjiared uitli the ^mallc'st airshqi, and varia- 
tions of th(‘ ((s-lli< lent, although not v<rv gieat 
at the upper end of tiu' model range, an* siifli- 
eu'iitlv gri'at to lemlt'r ext rajKilat ion somewhat 
dangerous. In tfie absence of aeeumte full- 
.si'ale nieavsiires of resistam e our presc*nt state* 
of knowledge mduatc*« a rough agr(*<'ment 
betwec'u the imcorreeted ro» Oicients on the 
model and those* for the airshi])8 

Then* is no ])ossibihty of analysing airship 
p(*rformance on the lines adopted for the 
nercqilane It will Ik* reaiifwd that the 
aeeuracy of the (h*ts*rminat ion for the aero- 
plane defxnds on the fait that. M«*ar the 
grounil, n large pait of the available engine 
I>owor (ii]) to may 1 h* usc'd in iinxiucing 
climb and that the dynamometer which cornea 
from a eonsuh'ration of the rate of hfting the 
Weight of the aenqdane i.s a good one. The 
V'crtical movement of tho .unship arises from ^ 
causes totally unconnoeted with oerodvmamics j 
and provides no basis for the foundation of a | 
theory of analysis. i 

The vertical equilibrium of an airship ! 
presents new problems. In essentials, all \ 
airshi]»s, whether rigid or non-rigid, are sup- 
ported by the displacement of air by hydrogen, i 
the latter lx*mg cont^iined in a flexible bag. | 
In order to maintaui the oxU*rnal form of a ! 
non - rigid airshi]), the whole volume is 
completc'd by a sec*cmd flexible bag containing 
air, and the gases are kept^ under a sroair, 
pressure sufticient to give rigidity to the i 
structure. The variations of volume of either 1 


I set of gas containers an* n'gul.'iU'd jiaitly auUi- 
I niatic'ally and jmrtly by hand. In the rigid 
! air.dup the e\t<*nial fcuin is maiiitniiic'd by a 
j nutal and fabric strm tuit*, and the fle\ibto 
i hvdrogcii coatainerH float jiisidi* ibis stim-tuix'. 
j OwLig to the f.mularity c^f the laws of 
j (*x]>aiision of giusc’s it follows that a given 
j mass of I'vdroceri will lisplaee a given mass 
! of air. no im.iter vvlial In* jin-ssim* may lx*, 
I so long as the U*i' peratiire of the two is tJie 
I same. Jf, tln refore, jH-rfeet flcMbility of 
' c’ontaimr b<* ]>re.sunied, an airshi]) will not 
1 have Its c>quilibmim iHrmanenlly dihtiirlH'd 
by change of height in tile atmos]>hore. 
j lhc*i<‘ will, bowc'ver, Im* .muiie stiiti* of c\pan.sion 
j for vvlm h flu* hy<lrogen lioldei'h will loiiijiletelv 
till the inteiiial sjiaie of the aimliip, and when 
j once that jaunt m reached additional lioight 
I can only U* Httam<*d by disi hinge of ballast. 
If a height of fi. is to Ih* leaeht'd 

without ht.xs of balla.st, the flcMblc* gas-bags 
iiiu.st not lx* more than lialf lull at giound 
Iev,*l. 

Although the jM'rmaneiil state* of ccjuili- 
briuin i.s not < hangu*d, it is cl(>ar that some 
time iiiUHt < laji.se Ix foie the temjteralure of 
the gux msuh* the (ontamer is equal to that 
I outsule, un)c‘SH the < onnei lion la*twef‘n jiressuto 
j and temjKTatiire m the latter is that I'eijuired 
, for adiabatic cAjauisiou. In that < ase instan- 
! tarn oils c*ijuilihf iimi would Ik* altamecl at all 
1 lieighl.s. If the air fem]M*ratuie ineieaHCH 
j moK* rujudly than is r<*ijmn*d by tlu* mliahntio 
I law, an airshiji, f lai.sid aeeidi*ntally, would 
' tc*nd to return to if.s lust i(*vel. and the stale 
may lx* destnlad as stable. 'J'he standard 
ntmoHjdurc is one which givc-s ajijirc'ciable 
l<*mjK)raiy slahiiity, and it is obvious, by 
rejilac'iiig the hydrogen by air, that tho 
conditions for aiishij) stability for lu*ight are 
those winch I»*ad to aliscnce of convection 
currents in the* ntmos]du*re. 

Ill the ('.i-<* of a t«*mjrt*ratun' inversion the 
argum(*nt ch vciojied alxne watulci mdicato 
some cliflieulty m the handling of an airship. 

I.. B. 

AIRCRAFT, THF STABILITY OF — ITS 
THEORFTK'AJ. ANJ> EXPERI- 
MENTAL DEI’ERMINATION 

§ (I) Introuuctiok. — T ho eonsideration of 
the motion of uiieraft intro(luc*(*H jiroblcins of 
varying degrt'C's of comjilexity ; in many ease's 
tho statement of the hypoth<*siH involves many 
variables, each containing a simjile idc*a hut 
leading to eonaidfrablc cornjihc'atvins when 
taken together. To^this efass Is'lungs the ]>ro- 
hlem of the stability of the motion of aircraft 
as generally understood at the present time. 
The theory- at arfy rate for aerojilanes ~- 
was giv'en form and connection witli«tho older 
theory of rigid d^7iamic8 by Professor O. H. 
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Uryan,* who H(lo])t4*(l tho foirnulm* for dealing 
With th«! Hfiittll 0 H< ilhitionH of a n^^id body 
about a utMt** of .steady rootion from the 
Htiiodcinl works of Hoiitli and othera. In 
order to a|t]tly the baimilae m tlio eaao of 
avuilion it IS first iiee<>H,saiy to know a >ir(‘at 
ihial aixait the fon es a< tui^ on tlio aircraft 
line to motion lhr<ju;.,di [he air. Aa tlie 
infoimafion (ininot lx* obtained fioni a theory 
of a<*rodynamieH batwsl on a knowledge of the 
MhajX' f>f a Ixxly, the nature of the motion, 
the ]ihyMieal iiioperties of the air and the 
etjuations of Hind motion, it ih mseMHUiy at 
th<* oillNet to resort to < \])enmental work. 
'I'iie le.siilU of observation are e\])ie.sKe<l in a 
Herii'H of fuiietioris «*f alible of im idenee, ami 
for eomplete motion m thre<‘ diniensiona tlu' 
niimlier of niemix-m of tlu' Heries w thirtv- 
.si\. in MM iihneai motion half *>f the Heiiea 
HiillioeH, ami this half a^'iiiii divides into two 
f'riHips, one lelatin^ to loiieit ndinal stability 
and tlu' otliei to luti'ial Htability. In the 
lonK'diidinal motion aie involved tfie velocity 
of lli^hl, the ri.se and full of the aircraft and 
pitehin^ ; lateially. apiHsit the velocity 
of «i<le-sli])piniJt <oni billed with rolling' and 
yawing, liiyan showed ‘ that m rectilinear 
in(»tion the two jiroiiiw aie niatheinatieally 
ai'parable on the a.s.sumptioiis made. As a 
matter of exact apiflieation, it would upjx'ai 
th«.t ^'yroseopie action (.f the air-Hen*vv and 
certain (dTi'ct.s of the .slip-stream on the tail of 
an amraft modify this eomli^ion .so as to 
romovi' till' iij^id uiathematK al proof. 'rheit> 
is little ap])aivnt (»n tin* practical truth 

of the theoixuii of separation 

§ (2) I iKFi.NrrioNa of tiik mouk imi*okta\t 
TkIIMS LISKl) IN TIIK 'rilKollV of StaHII.ITN,* 
(I.) J.IXW. ^ Lon(jUuihnal .bras. - A stiai^ht 
line Ml till’ plani’ of svmmetry of an aircraft ! 
throni'h the centix’ of ;;ravity. foie and aft. j 
In >;eneral theoretical diseus.sions of the motion | 
of an aeniplane Miis may be taken as parallel ! 
to the air-seivw axis, Ihc po.sitive ihri'ction 1 
is tsvken forwanls from the centre of ^^ravity. 
in niathematieal theory thi.s axis is taken as ' 
the “ X " axis. I 

Uitmil d.ris A stmi^ht line through the | 
oentiv of gravity normal to the plane of i 
symmetry of an airx'raft. In an aeroplane j 
the latiMiiI axis i.s conveniently taken parallel 
to a lino joining the vvinjit-tijia, and when 
loukini;; in the diivetion of motion of the air- 
craft the positive bmneh of the axis is to the 
rij^ht. In matliematieal theory this axis is 
taken as the “ Y ” axis. 

Nornuil A straight line in the plane 
of symmetry, at rfjiht angles to the longi- 

* in .4iVrt/ifm, nr>'an. 

* Thrt noinenrluture ami' svmbols iwisi in the 
mathematical theory of the svubilitv of lUreraft have 
been atandaniisisl hf- tlie Roval Vcronaiitical Sm'ietv 
ill A Gton»4i'y <4 Aen>natUt<nl Ttrmg, ami Uie deflui- 
tJpns above are e.xtnicteil from tliat source, 


tudinal axis and through the centre of gravity. 
Where the longitudinal and lateral axes are 
horizontal, the normal axis is vi’rh’cal. The 
jioHitive diieetioM is (low nvv ard.s in all aircraft. 
Ill niathematieal theory tins axis is taken as 
the “ Z ” axis. 

The axes aio fixed in the aircraft and move 
with it. 

(ii.) \’el(H‘itifs.- Lon{fi*u(linal Vtlonty . — The 
eompoiieiit velocity of an aircraft iii the (Inac- 
tion of its longitudinal axi.s, lelative to the air. 
>Syml»ol u " 

iMUrnl leAxvfyV/r Hate af Sule dipping . — 
The eompoiieiit veloi ity of an aircraft in the 
direction of it.s lateral axis, relative to the air. 
Symbol V." 

A annul IV/orp//. — 'File etunpommt velocity 
of an aircraft in the diieeti.ui of its normal 
axis, relative to tlu' an. Symbol " ic.'' 

Hailing. Angular motion about the longi- 
liidimd axis. S\mbol “ p.” 

Hitching. Align l.u iiiotKm about tlu* lali'ral 
axi.H. Symbol ‘‘ q ” 

Ymnng.-- .\ngular motion about the normal 
axis. Symbol “ r. ’ 

(ill.) Anqleji. l/ir/Ze af Hank. - 'Flic angle 
tlirouuh whuli the airer.ift must lu' turned 
about till' longitudinal axm, wlietliei horizontal 
or melinml, to bnng the hitmal ;i\is to a 
horizontal position. Ah a common ea.si^ m 
liorizont.il norniid (light, the angle of bank 
IS the inclination to the lioriyontal of the 
line loimmT the wing tips of .m aeioplane. 
i Symbol “0.” 

i (iv ) Stalling.- An ai'ropl.ane is said to 
j bo stalled wdum tlu* .speed i.s so K’dueed that 
it eeasi’s to Ix' iindm- control Tins oeeins 
when till' angle of incidenei' is in excess of 
the entual angle. 

(v.) ('antraln. — The controls of an aeroplane 
aiX' nrranged as follows : 

(ti) Pulling the control column back has 
the effi’ct of raising the eh'vatoi-s and h'ads 
to an increase in the angle of uttaik of the 
vvinjts. 

(ft) Moving the control column to the left 
has the effect of raising the left aileron and 
ultimab'ly e,ausing a depre-ssion of the left wing. 
The same motion h)wers the rii/ht aileron and 
the total effect is a largo rolling moment. 
There is a seeondarj' yawing moment produced 
siinultaneoualy. 

(r) Mov'eirent of the rudder bar by the 
right f(.>ot puts the rudder over to the right 
and ultimately produces a turn to the light. 

(3) Air Forces aciixo. -Bryan made the 
hvpKithesis that the forces on heavier-than- 
nir craft depimded oihy on the linear and 
angular vehnities of the ndativo motion and 
mathematically expre.ssod the components of 
air force and air, moment in the form 

, X~f^{Uy r, «?, p, q, r). 


( 1 )' 
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where X may be longitudinal force for illustra- I 
tion, w, w the linear velocities of the centre | 
of gravity ‘>f the aireraft along itn co-ordmaU* i 
axfvs, iin(^/>, q, r tin* angular vehM ities of these i 
axes relati\e to the air. I'or cr>nvenienco of i 
calfulation the axes of referenre an- fixed in the ; 
oin raft and roUtU- with it, whilst certain other ' 
advantages follow if the axes of nden-ni-e are ' 
also the imneiital axes of inertia of the aircraft. 

The h>T)otliehi.s n-jireiM-nted hy (1) ia well 
supjKirted by ex])ernnent anil is still a(hi{)te<i. | 
Hryan hesitated to ajiply the sanie a-^sumption 
to airslii]»s on aeiount of the large inertia 
of till' air disjilaeed by Hie envelo{)e whieh, 
it was anlieipated on theoretieal groun<ls, 
would modify tlic forces as a result of a«'eelera- 
tiona. For Jiglitei -than air < raft, tlierefore, the 
corresjKinding e\]>n‘ssion t-o (1), ho far as it is 
kno\in, is 

X, f^'{u,v, w, p, 7. r, e, 1 , »r, /-, 7, r), (2) 

and till'' statement of (he resjunements fn>m 
the exiH-i mu nta! side viill sliow how diliieult 
the eom-jtlete ]iroblem may rapully Ix-eome 
bv tlie addition of t»'rms de|M-ndeut on Hiin]»le 
gi'iier.d liypot heses. 

Ih'foie stability can Is- examined it Is nei'i-s- 
sary to satisfy the equations of sti-ady motion. 
From this ]»ait of the ]»iol)lem are determined 
ciTtam lelated \ alms of m, r, and w . . ..which 
may U* denoted by 11^. ip, etc. Variations 
from these \ allies are then supiMisod to exist 
as the ii'snlt of gust.s, movement of controls, 
or am other < aiise, but to Is* so small that 
an expansion uf X m the form 

X Ji’o, /),„ 7o, 

+ ... +?p^^+ . . . ( 3 ) 

< e (p 

H suflieient if first jsiwers of du, etc., lie 

retained, 'flie quantities (f\j?u, . . . 

ate referred to a.s resistaiiec denvativcxs and arc 
^tho c.\]/ennu‘ntal hmetions referred to earlier. | 
For ease of manipulation it is common to use n 
instead of 5 m and to wnte X„ for 

^ ( 1) liEsisTXNrK Drkivattves. — A lthough 
<J\I( » a function of etc., it d<x'M not 

de[>eml on tlie value.s of 5m, cv, etc., within 
the iimitations of the expansion given in (3). 
It ts therefore possible to determine its value 
exiK-rimentallv by a simple experiment in 
which a sm.ill incroaw* of velocity is givren to 
the air. All the denvative,s with velocity 
.snfllxcH arc <lcterminahlc by standard methods 
of testing such as are userl in obtaining data 
for the .stead V motion or performance. 

Denvative.s due to angular velocities are 
less cii-sily found ; fi many cases they repre- 
■jent forces and eonplea whieh damp the motion, 
and a convenient means of estimation then 
arises from observation of y;ie rate of dampmg 
of an oscillation of a model aircraft in an 


artificial wind. In other cases the oouide ia 
finx-ing, viz. a yawdng of an a<*roplano <diangea 
the velocity ot the wings s<i as to produce a 
riillii g couple, and the difiiciiltieH of devising 
a suit.ihle exjH-ninent for itx detenuination 
have onlv recent Iv Im'cii overcome. It has then 
hap|Kne<l that experimental data have Imh'M 
Bupplement<-d by a i-eitain amount of calcula- 
tion, the b.i.si*. of wh b is indicated by the 
following illu.'.tr.ili >11. 

8upp»»se that be tail of an aeroplane is 
narrtivv ami so far Is'hmd the centre of gravity 
that all parts are sensibly at a distance / 
from it. Owing to a sm.iil angular ])itchmg 
velocity 7 of the aeroplane the tail will have 
a linear veloeitv Iq relative to the eentro 
of gravity. If the motion of the aeroplane 
1 m‘ along the tail with velocity 0„. it will lie 
w'cn that the resultant etfeet i-* an inclination 
of the relative wind at the tail of /7/F0 
railians. Tlu* limitation pland on Iq is that 
it shall Ik- small as comjiated with If 

the aerodvminiK’ propertu's of the tail are 
known, the ab(*ve illustialiou sliow s how the 
forci'H on the tail-plane due to tlu' osi illatioii 
may lie basi-d on observation of a non- 
oseillating but melim-d tail plane. A wiclo 
applientioii of tins pniu iple is made ami has 
alieady led to important resiilt.s m exiilaining 
obsf'rveil phenomena 

In tJie . use of ligldir-iliaii-air iraft lurtluT e\|M‘ri- 
iiieiitH an- n-ipiiHHi in v\ti)< li the motion is ueceienit- 
ing. It iM know 11 foiiii g( neral livdrixl vnamics (hat llio 
itHi-<taiiee of t' t air iimaimI hv an lu < clerutnig spliere 
<an ls> reprexeiitixt .is eipial to tin* force net essarv to 
give (he aei ('leratioii of tlie -phore to a iriasH of air 
<-qual to h.-ilf that ilnplaic'l la tin HjiluTe. The 
cvhiuler u'Moiints for a larger relative amount, and 
It apfKiiiN (tint in the raw* of the hroadside motion 
of an airship the (q>p.treiit matw moviat w nearly 
Iwiee the masa of the Hiraliii) itself. Tins is a very 
im|M>rtan( amoiint and som<« few expi nments have 
Isvii ni.idi- (o deleriinne it. in order to make the 
inertia el‘> . i as great as possihle air lias Ihsii dis- 
pl.uefl h\ u.iter To the towing eaiTiage of (he 
tank used for testing model ^hips was atlaelnxt a 
nicKlel airship whollv sutmierged nnit eajiahle an 
r»seillHtion across ilie dinstion of motion. The 
pericst of osrdlalion was ohserved and found to tie 
\erv niueh greater than the pTirsl in vacim (or air), 
and from the differerue it is easy to ealeiilate the 
effret of lateral acceleration w’hich shows itm-If as 
I a virtual addition to the mass of the moving hfxJy. 
j The determination of the derivatives requirefl hythc 
j theory of sfahihtv fixes the rate of progress possible 
j in developing the siihjecd and rerpnres the provision 
i of a considerable amount of apparatu'^ and skillid 
I oiieervem. Very much work is yet reqiiirfsl Is-fore 
j the poeeihihty of generahsatiori exists ; on the other 
, hand, results have already lieen rihtainixl which 
; show the Bufficienc^’ of tiTe hypothesc-s to account 
I for the main distiirlHd motums of aircraft as obw-rved 
m free flight. * 

§ (.'i) StandardTAxes.— In order fo facilitate 
cross reference li^tw-een various# workers irt 
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Stability a cf-rtain nurnfior of ideas and 
nyinbolM havf) Ikhti reti on mended by the 
U<iyal Aeronautical Society anfl ni‘ei*|>Uid by 
prfUMinent oflicial liodieH intereab'd in aero- 
nautili. One of (he more important items 
definen axea of reference for ainraft of all 
deneriptioMH. 'Die orij'in, aa already stab-d 
in S (2), in Hitiiated at the centre of gravity’ 
of the aircraft with the a.xiH of Z pointing 
vertically downwards in Hbutdy hon/.ontal 
flight, the axis of X direited forw’ard and I 
faring in the direction of motion, ami the I 
axis of Y to the right. This definition, j 
although only an ajiproximate one, gives a j 
cle.ir idea of the general arrangement of the i 
axes; Hiiico these move with the aircraft ! 
tile (‘Xact position de|MMids on the conditions j 
of the flight, and in a mathematical investiga- 
tion precision is given to [losition of axis , 
in the statement of the piobhun. if the I 
principal axes of inertia are chosen thiTo will 
be no diniculty m maintaining the general 
idea of |ioHition as imlieati'd above 

§ (’») Ki^rvTioNs OF Motion. Kelative to 
the syslem of axi's so detined the ei|ua(ions of 
motion of a rigid body are found in tnuitisoa 
on lligid Dynamics, and are ; * 

>( t av/ (T X 
c I ar »/’/> V 
It' I- - uq 7 j! 

/'A tq{U (') I. 

7H /U((' A) M' 

-qiiiX M) N I I 

Principal axes of nieilia have been chosc'n for 
Hiinplii'ity, and the moments of ineitia about 
the axes of .\, V, and Z are donotisl by A, B, | 
and 'riu' forces and iiKtinentN m \' . . . N' ! 

defM'iid partly on motion thiough (he air a.s I 



aeroplane which give rise to the problems of great 
practical importance. It is, however, not suffieientjy 
accurate in a discasHion of the rapid motions of an 
aeroplane where the times of iniportaiicc ^ro hmitetl 
b) less than one or two seei-iids. both instances of 
lack of rigidity may Is- reganieil as im^lificutions 
of the general theor\ of seeondarv importanee, and 
the further work is bused on eijiuitions (4) as given. 

In general, the pilot has considerable powers 
to change four of the ipointities X'', . . . N', 
though in no ease is the elTect of the movement 
of a control conliiied to one of tlm quantities 
eoneeineil. The effect of an incri'ase in engine 
power due toopeniiftinf the throttle has its tirst 
result m a change of thrust and therefore of X' ; 
due to the fait that the (‘le\ator and rudder 
are both washed by the air-serew slip-stream; 
there are also eli.inges of IM' and N' which 
may be of great impottanec on the lesulting 
motion Apart fiom llieso comjtlications. the 
etfect of an merease m tliriist is an merease of 
the inelmation of the tligbt-path to the hori- 
zontal and not an itu rease m (lying speed. 

A change m the position of tlii' elevator 
produces a eoujile with little otlier effect. 
'I’he result is, liist, a eliango in attitude 
wlueh leads to a new spi'eil c>f flight, ami, 
Hi'eondly, an alteration of the inclination of 
the tlight path to lh(‘ lion/ontal so as to 
piovide an adjustment of po\u‘r to maintain 
this now' sjx'cd. 

Movement of the ailerons alone produces n 
laige rolling couple 1/ and a smaller yawing 
couple, whilst tlie rudder [iroduces a couple 
N' and as a result of turning a rolling couple 
which tends to raise* the* faster moving outer 
wing. For certain ndative adjustments of 
ailerons and rmlder it is possible to turn 
without Hide-slippme. 

It will he s(‘<'n that four eontrola are 


di'lineii by the vi'locilit's ami angular \eloeities 
• q, >' ami tlu'ir derivatives, ami 
partly on the components of the weight of the 
aircraft. 

Ill cci'tuiM dc(iol(*(l pnihlcins (h'purtiinw of some 
imiH)itaiU'e an* made from (he ideas eoiiiifstiMl with 
rigid IsHlies. The eoiitnil siirfuees, oouHistiiig of 
elevator, nalder, ntid micron, are held to the nero- 
filarie ttirom^h the fnlot's limits, ami tlie a.ssuiiiption 
uf ngidifv IS then prohahlv valid. In partaulivr 
I’Xpenmi'iits however, it m cusloimirv to abandon 
the elevator and ailerons and to leave them relutivelv 
fnv to nttute about their hinges. In (Ins ctuk* nevv 
equatioas of motion are reqmnxi wliieh are usuallv 
detiiuvl to ensun* that the moments about the hinges 
art' zero, A somewhat less 8.Htisfaetorv O-osumption 
is made to ettver the eonneetioii Itetvv eon (heair-Ht*rew 
and aeroplane^ glider which amounts to the neglect 
of the inertia of the air-arrevv and the rotating parta 
of tho engine. The ossumptiom la convenient since 
it is substantially ct>r#(x't for the slower motions of an 

‘ See .\lrcrafl. K.vplanatlon ^if Terms." 

* It Is iisnul to wo»k with fon'es jicr unit mass 
rattier than flora's themselves. ' 


provided, whilst six conditions of eqiiilihnuni 
ar.* to lie aa(|Rlied, a.s shown by (1). U follows 
that the aeroplane must lie so conatrueted as 
to deal with the other two. Three of tho 
controls enable the jnlot to jnit the craft into 
any angular position di'sirocl i-elative to the 
wind, whilst the engine allows some control 
over one of the forces. The angular move- 
m.'iits suffice to ensure that Y — i) or ha.s some 
value depemling on sidc-slipjiing which is 
produeetl by the non-aymraetneal presentation 
to tho n'lativo wind. The efTeot of gravity 
i.s to so change tho speed of flight and angle of 
path that the resultant force in steady flight 
is vertical and eijual to the weight of the aero- 
plane, If the ainraft be stable tho adjust- 
ments rexjuired do not call for an effort from 
the pilot, but if it I>o unstable a constant 
nursing of the craft is inifolved if it ho desired 
to maintain a particular state of steady 
motion. In the latter ease lack of attention 
fol^ a peri.Kl of on|j minute may result in loss 
of control either temporarily or permanently. 
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and it appears that an aeroplane which is • 
unstable in its attitude for normal flight temls 
to U^conio kK*ke<l ofi its hack so far as longi- 
tudinal # control IS involvisl. One tyiK}! of 
instability leads to an iiKTcaHingly stt^ep dive, ' 
at the end of which the forces «m the control 
column are greater than the jalot can exert 
or the eolunm withstand. The importance of 
stability in rtalucmg the risk of a<cideiit is 
verj’ great, and has perhajw the prepondciating 
influence amongst those things which occur 
in the nir. The other very ‘hikius caust' of 
accident is the failure of the engine and is 
iiidiriH't, since the conf^<jUciices depeml on 
till' nature of the available landing groiunls. 

It IS not intcndei^l to disi uss the probhsns 
connected with steady motion at gnaitiT 
length, but it must U' ileaily borne in mind 
that the treat nu'iit of stability pu'sumes that 
such a state exists and that the dematnes 
nspiired an,* thom' appropriate to the particular 
steady motion whirli is being disiMismsl. 
From the I'oiiditions of steady motion are 
then (hsliKcil thost* jtarts of X' . , . N' which 
depend on mo\cment tlirough th<* lur. 'riieit* 
rem.ims the < oiisideratioii of the elTeits of 
gi<i\ itational attractuMi Owing to tin* fact 
that the resultant gravitational fone passes 
through the centre (»f gra\ity th<-i(‘ ate no 
coiniioiient coujiles about the axes of rcfeicme 
in the ca'S* of the ai'roplanc For the aii«hip 
eouph'S due to gravity and buoyancy eombimsl 
are mtioduced. 

Ji (7) (JiivNir^ Foiiri: CoMrovKNTs. (i ) 
7'/(c Indination oj tfu \x< 'i tt) thr Vniictil. — Jt 
IS necessary to define in some wa> the inclina- 
tion <if the axes to the vertical and \arioiis 
alternatives may Ik* uwd. Fulei’s angular 
co-ordinates, t?, 0, 0, have lieen used, but 
an eipially convenient arrangement is gi\eii 
by the direction ((Hines of thi3 downwardly 
dir(*cted vertical with resiK-ct to the body 
axes of the aircraft. These are denot<<l l»y 
«!, 'tu, and So that the components of X', 
Y', Z' due to weight are 

«il/. Jind n^rj . . . (o) 

along the axe.s of X, and Z i^sjieidively. 
In the airship there is a vcrtu'al upward force 
due to buoyanc3’ which leads to conijMmeiits 
of X'. Y'\ and Z' equal to 


(i« ) liehitum htltn'en thr A» 4 pihir i (IricitifJ* uj 
the Mt ftnn. ]in>nler that motion may 

U> stea<ly it must follow that the altitude 
of the .or.Taft relatuc to the air must lai 
unchanged and aKo the jioaition ndative to 
the xeifical. This latt<-i condition tan only 
Iw nutislicd if tli( ie.sullaiit rotation is about 
the vertical, and as a t onsts^ueiice 

p, a,Lk u^^i, . (H) 

wh(‘re L‘ is the .-siiM.iiit angular vtdocity. 

(S) Disn iniio Moriox The method of 
prottslnre h that general in the coiisidtTalion 
of «i\nanncal Ntalulitv A body in a state of 
stculv inotKui IS MippMMsl to recei\e some 
dislui bailee, whuli inaN' be simple oi coinjilex, 
but wliiih 111 the lattci case c.in be ri'duced to 
H miinlicr of simple distni bailees by assuming 
that the changes of motion iic small as coin- 
paicd with the oiiginal In illustral ion of (he 
idea involvisl (oiisnlci tiu* (‘ijualion 

e \ W({ rr . . . (fl) 

which IS oiu' of 1h(* memln'is of e(|na(ion (-1), 
and apply it to the dislurlHsl motion of an 
aoioplane 

In (he steady motion e will bt* /.(to, whilst 
n\ 7. /, /. aiul X' will lie tbsl ingmslKsl hy the 
Us(‘ of the sullix zero 'I'lic irif rotlm 1 loii of 
the value foi \ '. which can I)c built uji from 
components ahtsidv dettu mined shows that 
(0 ) IhsoHIcS 

" + V. ^ ('^0 

I » I'sing (h(‘ Tavlor « xpansion ctpudion (10) 

, leads to 

I 0// }-«nc)f7„ 4 ,u/) - (e„ ^ or)(ro | or) 

I /\(«(M »’o. ^0) ) n^g 

( a , V ,w <p 

H on ,(/ 4 (‘te. , (11) 

ami all terms other than those specifically 
writt€*n down aic ignored 111 the tiu'ory of 
' small oseillat ions, together with .such prf>duci» 
j as me. 67. Kfpialion (11) is then reduced to 


_n,F _njF n^F , 

7M ’ W1 ’ 7« ’ ’ • ' ' 

where m is the mass of the aircraft and F is 
the buoyancy. 

Denoting the co-ordinates of the centre of 
buoyancy relative to the standard axes bj-^ 
X, y, and 2, the coAponent couples arc 

L - (n^ - w jy)F, M = (n - n ,2)F, 

N--(niy-n^)F.« (7) 

It will generally happen that “ y ” is zem. 


- ^Vo I /x(«o, » u, 7y.„. Yo. ^r^^g 

( j\ f y Y ^ y Y 

4- ou . 4- ov , 4- 

fU ( t) (W 

t 

^ <p • ’ tg (T 

+ Sv,.g, . . (12) 

and is dealt witj) in two parts. The equation 

w'oYo “ Vo=^yx(*o» tv Pof (13) 


I ' ' + 5 ^'^+g^^^w 

4 - v„or 

~ ro’iv 



AmORAFT, THE mBILITY OF 


utaten r<‘lation wliich must lie satisfied 
initially and wtxrh will he recoj^nised as^ a 
eoiuJition of steady motion ; ecjiiation (i.‘{) 
and the live otlieiH deduced from e<juation« (4) 
define the value of . . . r„ for the partieidar 
sUvidy imdion which corresponds W’ith the 
assumed posilionM f.f the controls and must 
Hiilved priur to the disouss-on of stahility. 

Jn rewriting' tho remainder of equation (12), 
the more rejt;ular notation will he adopted hy 
which Tin Is'comes u and of^j, u iHa^onies X„. 
The dan(j:er of usin^» the same syrnhol u for two 
dilTerent idi'as should lie notici'd, as also the 
fact that little juactice is required in oidei to 
avoid error. With this note the second part 
of (12) l(«ads tr. 

( ay/ <’./ '''o'’ - uX„ ] v\, | u'\., 

I pX/. ff/X^ ) rX, I ^n^ .g. (| 1) 

This is one of the mix equations of disturbed 
motion which ultimately lead to the estima- 
tion of a, w . . . r m terms of the denvatives 
, V . If any of th<' quantitic.s 

M, , , . r tend to incri'ase with time the 
steady rm.tion, defined hy e(|uation (13) and 
its oompauiou.M, is unstuhle, Kouth has shown 
how a numlM'r of I'qualions of tyjie (It) may 
bfi eoinhined into a siiieh' equation which 
deh'rnunes stalulity or otlieiwise, and how the 
criterion may ho applusl with th<‘ K»<‘ate.st 
ease. It is also shownen treatises on ad\anced 
Rigid Dynamics that the remainini; tiv«‘ 
relations detiMinme the latios of tim magni- 
tudi's of It, r , . , r so that ultupately it is 
t>OMsible to deiluu' o(*mpletely the periods i 
and damping factors of osciliatoiy motmti, | 
the rate (d suhsichaice of apenodie motioiiH, 
and the details of tiu' motion whi<h ri'siilt 
from any initial di.sturhance. Since tho 
theory of small osiillations permits of the 
edilitioii of a numherof separate disturhance.s, 
it is further j)os.sihle to find the lesulfnnt 
otfeet of a nurnlH'r of them even tlwmgh 
distrihutod oxer successive piunxls of time. 
The flight of a stable aeroplane in a natural 
wind is included m the latter case, together 
with the effect of the manipulation of the 
controls hy the pilot. 

It Is found, hy comparison of theory and 
experiment, that the theory of small .willa- 
tions gives iwsults which arc applicable with 
Btttirfaet<iry aecuraey to the finite oscillations 
of aircraft. A description of some okserva- 
tions is given later in the article. 

<f (1^) Kvat.uation ok Equation (11) 

intnidiiees the expression for tho variation 
of the din'otion cosine /q which results from 
tho changes &/ . . . 5p, etc., or, in the later 
notation, q ... p \ r, Jt is noces.sarv 
to develop tho rtdation before any solution of 
(14) is feosiblo. 

Three auxiliary anjjlos a, and y are used 
in tho procc)f[8 and represent displacements ^ 


of the axes of reference OX, OY, and OZ 
from their original position. It will be 
remembered that the downward vertical had 
direction cosines 7^^, n,, and relatixh 3 to the 
j body axes In fore disturbance. After rotation 
with angular velocities p, q, and r to the new 
position tho direction coHines of the vortical 
xvill be nj + d/q, n^4d;q, and Ug + dn,. From 
/ ig. 1 it may be doduccil that the relations 



between these direction cosines and a, fi, y are 
iq I ^iq iq-»j,-iMqv. • (If)) 

ami tvo similar e\iuvM.Mi(,uH for /q, and /q. 

'I'he resultant angular velocity of the a.ves 
is nunle up of tlu' .sti'ady motion eonqioiu'nts 
j /^l♦ ’ind q,. and the di.Mt iirbanees a, ami 
in such a way that 

P - « V-i ) 

q - -/)„7 . . . jio) 

^ ■ - y./t < Pu ^ Y ) 

All HoIiitioiiM ol linear difTorential equatioms 
With eon.slant eoelhcients. such as ei; nation (14), 
are obtmneii from a kno\\ledg(> that 

a -\a, y ~-\y,. . (17) 

where ,\ is indoiamdent of a, fi, and 7 . Equa- 
tions ( 10 ) are thereby eonverteil into expres- 
sions for a, y m terms of p, r as follow's : 


4../' 
Po A n 


-'/3 

i ^ 

A r; 


> 

A - r„ /)( 


1 A-V'^;i 08) 

I A ~p,l 

I - 70 A) A I 


Denoting by the value of + 

the last expression is found to be ° * 

1 

x(ii* + \‘^* * • * 

and from (18) and (lo) is deduced the relation 
~(»ira-n,X)r}. (20) 
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Similar relations follow for dn^ ami rfn,. 
It is convenient t(» write a for in 

the txjuations «f ilisturlnMi motion. 

§ (1(>)*Ski*ak \tk Tkeatmknt of Aehopi^nk 
AND Alusnip Stabilities. — So fur the subjwt 
lias had little reference t<j the t yjie t>f aircraft 
under consideration, and there i.s no funda- 
mental diflieulty in continuing with complete 
generality. The expressions become so cum- 
brous, however, and the motions of aeroplanes 
and airships are so different that it is ailvia- 
able> to consider the problems si'parately. Tlic 
matlK'rnatical methml follows parallel lines 
in the two eases, and such theorems as that 
i-elating to the iiidejK'ndenee of the longitudinal 
and lateral disturbances in m tilineur s^’in- 
metne.il motion are common to both tj'pes of 
aircraft. 


I consisting of three complex pairs and two real roots ; 
j tlif C4jaaluMi itself is derivid by the t'liniiimtion of 
: live of (he v.inahlt's «, e . . . r fiuiii iMpiatum (2]), 

1 an.'. Ill . onlanee with mctlKHls of sulufioa of 
alm'linuo ispintions, in (itspunth left as a six-nivr 
I delermiiiai.t the miIuo of whieh in to lx* /cro by 
I < luv c of V 

! § (12) .rtraoPuAN'K. (i.) liertilhienr Si/tn- 

j tue/nra' Unn'tt. It \ s |Miinted out by lir\aii * 

1 that manv of the det > vatives ean be swn from 
i eonsiderations .f symmetry alone to Ik* zero 
I in steady D'etilmear symmetiienl tlight. For 
I in.st.ince, v\^ lepresi'iits the change of longi- 
^ tudiiial for<e ]>er unit mass due to side- . 
j slipping; from the symrnetr\ of the ai'roplano 
and Its motion it is clear (hat rX,, cannot 
eliangi* sign with e, ami hence X„ must Ik* 
zero. It tlion ajipears that 


§(11) 

Akkoit 

\NP : 

Dii^lurft/incrji in Thr/'e Dinicn- | 

X 

, Z. ami M with s 

ullixe 

s V, p 

, and 

r (22) 

/»(<<« V 

Tj.'.itiiig 

each 

of the 

SIX ecpiations in (1) us 

are zero under tin* ussumed 

eonditions. 

, as im> 

in (be e 

|N«> illiist niteil 

of the 

lirst of tliciu, we oht4iin 1 

also 






tlie linul 

equations : 
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u, u\ 
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KiiaatidiiH (21) give relations iK'tween known ! .Since the st<>adv imdiori is reetilinear 

rpmiitilies, h„. »•„ . , p.. . . X„ . . V. • • •» ' 

U,. „ A. I!. ..11.1 ari.l X. ; J.,,, nn.l r„ ur.; ziTii, . . (24) 

7/11 an.l rjti, and the Ju-l live are dePTmtnal.le 1.^ i whilst .^'Vmmetrv ie«iuirOH tliat 
th<,« ot<linur\ incthoils for tlie Nolution of hneai niuiuI- j 

tantoiis equations. The evaluation of \ constitutes | n, and p„ an.* zero and /a - Hlllce -0. (25) 
the Hp«'( lal condition conius'tcd with slalulity. \ j ^ 

mnv be real, in which c aw a negative value indicates , Making u?e <tf these relations converts erjua- 
stalalitv aiul a pcwitivc viduc mstabdity, the motion ^ tions (21) D) 


«(X„- 


-b U?X« 



t'{Y.- 


+ />^Y ^4 U(o + 

tiZ,. 


4 »e(Zu.- 

X) 


vL,/A 


4 p(L/A-\) 



- 4 teM„/B 



t’N,/C 

# 

+/> N„/C 


+ q(^X,-u>„ 

I 


+ r Y, 


Wi9' 

\ 


= 0 




= 0 


(26) 


+ rL,/A 


being aperiodic. If \ bo complex the motion indi- 
cated is an osr illation, and .stability is then indicafCd 
by a negative sign for the rcal*itart of the root. In 
general then! are eight roots of the equation for X, 


--.0 

-b^(M,/B-X) . -0 

, + r(N*/C-X) =0. 

and it will be found that the first, third, anti 
fifth equations invtilve the variables u, to, and q, 

a 

* fitabilitj/ in Avtalion, 
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an<I not p, and r, whilst the s(‘rr)nd, fourth, 
an<l sixth depend on v, p, aiuJ r only. Itryan 
p)into<l out that this indicates indepetnlenco 
of the longitudinal and lateral disturbances. 



The loiimtudmal distui hunccH involve foie 
and aft motion, up and down motion and 
pitchin; 4 , and ar<' desciihcd us Hvminetrical 
os Im'Iiij^' all m the filaiu' of symmetry. The 
lateral jj:roup, eonsistiii;' of side-slipping', 
rolling, and yawiii)', are eoMespondini'l\ 
dcMimiated “ aHymmetrical.” 

Kuch ^roiip leads t?^ a hi(|uadratie equatitm 
for and llu' numeri<’al evaluation of the 


of conditions relative to the air, and the slow 
movements tho.se which brinj,' the aeroplane 
back to it.s initial position relative to gravity. 

Observations of oHcillations ar^ easily 
1 recorded durint' the Hight of an aeroplane. A 
pin-hole camera is fixed to the aeroplane 
and directed over tlie fail whilst the aeroplane 
iH flown diiectly away from the sun. The 
pilot, st.irts a delinite jutchmg movement, 
and the trace of the sun on a moving photo- 
graphic film leads to an important record of 
stability. .'\n eipiivalent record (see Fig. 2) 
IS that of the forward spiaal of the aeroplane. 
The rapid nioM'inents liaving been damped 
out a reinaindci is h'ft fioin which the jieriod 
and <himping f.ictor of imi>oitanc(* can bo 
fledu(c<|. In the ilhist rat loll the yieriod w^as 
about JO Hci s. and cai h maximum les.s than 
its piedeccssor in the proportion of about 
.'1 to f. Such iec<ud is an ade(|uate giiaranU*e 
of '-.t.ibihtv with the contiol lo( ked ; a similar 
rccoid (ould hav(' been taken with the control 
abandoned 'I’hcie is no important difTcrence 
in the chaiacti'i of the records in thi' two 
, eas<\s. 

'I'he first sign of inslabilifv m an aerojilano 
which h.is tins i h.iiacb'iistic oscillation 
ii.sually appears as a lengthening of the yienod 
of o.scillation. ultimately to an inliiiitc value. 
.Mafhem.iticallv this corresponds with a 
K'diietion of the iniagm.uy pait of a complex 
root t ) zero ami the replacement of a pair 


Mota presents little 
(Urticulty. • 

(il.) lUnitjrk.'i on the 
of the Hgiintiotia 
for I^)tiiptiohinil Sla- 
bilily, — 'I'he deriva- oo • 

lives and constants of < 

the stability equations ! 

(20) ayiply t(» one ' 

yiarticular state of °° ^ I 

steady motion. In ^dyao no 4o 

general the quantities \ / 

vary markedly with 70 \ / 

the vehu'ity of fhglit, \ / 

particularly so in the \ /c 

neighbourhood of the \ / 

least |H>ssible velocity ' \ j 

of steady flight. An \ I 

oeroplano may l>e \ I 

stAble for some syieeds 50 - \ / 

of ilight and not for \J 

others, ami a tendmiey B 

t.owards « instability 

often aooomyianies an increase of speed. 
The di.sturlxHl loiigitmlinal motion is usually 
divisible iuTo two y^afts, the first l3emg very 
rapid and oontined b> ono or two seconds 
after disturhanee.^ind the second (yuite slow 
and often yierunlie in a tm^e of 20 to 30 secs. 
The rayjid movements aro those which bring 
the aeroplilhe into approximate equilibrium 


of eompli'X roots h\ two ical loots, om* of 
wliK'li is i^ositiM'. 'The final I'fTi'i t, phv.sic- 
all\, H illiMiateil by A’ 17 . 3, wbicb sliow.s a 
rccoid deilmed tmm diiis-t expeiunent: w itli 



yerticnl 4 
nose d'ue D I 


the controls held the aeroplane gradually lost 
syieeil until suyiyiort was not yiossiblo (aoni- 
yilaiio stalled), then ymt its no.st' dowTi and 
temieil to a vortical or o\ei-thc-vertical dive. 
This t^yx' of instability is dangerous; it 
can Ix' show'll that control lan'ornes oxtrcmclv 
sensitive when the motion first becomes 
ayx'riodic, and that for Jnstabilify the final 
movements of the eoutnd column are in thq 
opyiosite flirecthm to those for stability. As 
tlii.' aeroyilane gathers syx>e<l the forces on the 
control column gnAv rayudly ; if the aeroplane 
bo stable the pilot needs to jiush in oixlcr to 
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increase the rate of diving, and when the 
forc'cs get too great the aerodynamics of the 
pnddeni set a limit to the atoepnesa of the 
dive. Ifl the ca«e «»f instability the aeroplane 
tends to dive more sU'cply uhilat the jiilot 
is pulling on the column. If recovery is 
delaye<l too long the force involved is so givat 
that the julot is unable to control the motion, 
and in some instances he is thn)\vn from hia 
seat whilst the aeroplane flie.s upside-down. 
It apiM'ars to be a somewhat general rule that 
an aeropljino which is longitudinally unstable 
in normal flight will bo stable m inverted flight. 



Fia, 4, 

and vice verm. Recovery from stable inverted 
flight comes from the lateral motions. 

In.stahility which show's itself at low specils 
takes the form of an oscillation of increasing 
amplitude, hut is rarely observed. Fiff. 4 
shows one of the few records available on this 
|)oint. At 100 m.p.h. the record marked 
(rt) Was obtained with the pilot in control, 
whilst for (6) the aeroplane was allowed to 
control itself with the column abandoned. A 
comparison indicates a considerable degree of 
effectiveness of the inherent stability. The 
large regular oscillation was produced by the 
pilot, who put the aeroplane into a dive and 
then abandoned cor^roL A period of 20 to 
25 seconds is indicated with marked damping 
of the oscillations. At 90 m.p.h. the period 
is little changed, but the damping bcconv* 
very small after the firsti tw'o periods. A 
further reduction of speed shows an increasing 


oscillation, the increase of amplitude in the 
»‘coiul tigim* lieing in part due to the fact 
that the aeioplane was elimlung slightly in 
the stead} motion. I’he motion is slow and 
easily dealt with by the pilot, and cannot lie 
i‘la.ssc<l as ilangerous although it is iindesinihle. 
In the iiiathcMiatical itu estigation this t} |m' of 
instability is 'ndu ated by a change m sign of 
the rt‘ai ttart •>.' the t mjilex ]>air of loots. 

The exact ^oiulitioi.^ to ho satisfied m onlcr 
to ensure stahihly depeml on an accurate 
balance two huge (piantities. rejurseiitcd 
on one side by tlic uhtoimg coii[tle due to the 
tail and cut the otheu by tlu* rno\cmcnt of 
centre of ]*rt>ssun' of the wings. 'I'lie former 
is aiipiXHiafily tlepeiident on tlu dowiiwash 
of air from the mam planes and b\ the shp- 
Btream of the niisdew. It appears to l>e 
jio.ssihle to make a good lust approximation 
to the desired lesnlt and h\ a correction 
after flight tests to hi mg an aeroplane to a 
Sjiecificcl state of loiigil iidmal stahililx. 'J'he 
amount specified i1oi*h not yet lest on any 
elt'ar basis for fighting tiaff. hut i.s known 
roughly for homhing acioplanes and ciMlian 
craft, where steady flight foi l<»ng pc-nods is 
iiidc'cl matciialiy by stability 

(iii.) JU'ynnrk't on tfu of ihe Kquotxon for 

Lotcrol Sialohty - '1 he chaiaeter of the* late ral 
motion is very chfTcuent fioin that of longi- 
tudinal motion, hut again de])ciicls ])iimnnly 
on (he speed of the' steady niotaui At the 
lowest spc'ccls of stcvnly flight rcuiiaikablo 
change's cm dir, which will la* dc’alt with 
sc paiatc'ly . K\< ludmg these* ehanges, it is 

found that cuei the* normal range* of steady 
flight, the root*, are p.ully real and pnrlly 
cornplc'x Of the real r()C)tH one rejin-st'iilR a 
rajudiv clamped subsidence which becomes 
umrnporlant in n fraction of a second as 
<cun|)arrcl with its initial \aiuc*. The chnr- 
n*teristios an- readily wcuked »»ut and show 
that tho motion is almost wludly that of a 
roll about the longitudmal axis, ami the damp- 
ing nnst's from the* menasc! of lift on the 
downward inf>ving wing and a dc'crenw! on the 
ctpposite wing. The* n<*rctplane is ic-ft with one 
xving down ami rec-overy ccccurs through the 
lateral oscillation and a slower subsidence, 
both of which arc affected by a dihwiral angle 
l)ctween the wings. The lateral oscillation 
appears tc> have the relatively short jiericxl 
of .'5 or 0 seconds and is generally well damped. 
It is possible but very unusual experience a 
lateral oscillation c>f increasing arnpiitude. 

The remaining component of a lateral 
disturbance is a slow spiral motion which 
may deerrease or incix'ase for n time. Its 
origin is clear on»phyRic!al grounds Imagine 
the aeroplane to Ik* traveling m a straight 
line initially, but .with the right wnng down. 
Side-slipping will liegin to the right and a side 
wind will be produced which, ac6ng on the 
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ru<l<le!r, will turn tlif ju'roplano to the rij»ht,. 
Th(‘ Jeft winji will thon hn turning in a drelo 
of lar^tT M(liuM Itiao tlw n^ht and hcnco at a 
liJI^hor vf'locitv, thr jrsiilt hfinjn; an incroaso 
hft iitidor Iho l< ft VMnj^ an coinparofl with 
ihf! 1'tiiH tends tr) incr(>asi5 tlie hanking 

and further depress the njjilit wmtj. A \ 
eomjx^nsiitinj^ eoujilo ((uriert into Iwin^^ an a j 
result of Hide-Hlip|Mn;' if the winj^B have a j 
lateral dihedral anyle. Mince th«? latter haa i 
the (-(feet of relativily ifwreaMin;' the an^do ! 
of incidence and therefore lif* on the ri>»ht j 
winj?. When this latter couple is great the 
aentplanc reetivcis an even level aiul m I 
Btahle ; when it ih Mtnall the oveihanking ' 
prepoiuh'iatcM and tlie jcMuIt is a spiral. In 
general the motion is slow and easily I'ontrolled, 
and the need for rapid mano-uvring in w.irfaro 
has provided a stiong reason for huge rurlder j 
rather than Hpiral stalulity. I 

At low Hpecils lateral instalulity heconioH ' 
marked and often dangmous. If, whihst in ' 
steady hori/.ontal llight, the control column ' 
ia pulled steadily hack until stalling occurH the I 
m'(|uence <tf events i« usually the following : ■ 
immediately after stalling the aeroplane tlropH 
its now' rafiidly and at the same time (*no i 
Wing goc.s down. A little later the IsKly may i 
Ixi ineliiK'd to the horizontal at an angle uf 
70 to 80 degroe.s and Isi ndating ahoiit a 
vertical at a small i.uhns. 'I'he late of ih'sccnt 
is not neaily so gicat ns in a <live and rarr'ly 
oxceeils half tiu' terminal vi'locity. 'I'he state 
is permanent, and it needs a <h>timte elToit 
on the jiilot's part to resume normal flight. 
Till' iiK'tliod a<lo|»tcd for recov’erv involv<‘8 
e.s.sentially the h\stoiation of a higher speed 
of flight and is attaincil hy puffing the eotunm 
forwanl. 'I’lu' state of s[)in then iM'eonw'S 
unstable and that of ri'ctihnear flight stable; 
the spin stops rapidly and a normal dive trikes 
its plac'e. 

'Die phenomenon is veil known in flying 
eireles ami its essential features can Ih' 
reprodmsMl in a simple experiment. A model 
of an aeroiihine vmg may Ih' mounte<I in an 
Artificial wind so as to be frt'o t»> nitate about 
an axis parallel to the wind din'otion. If the 
angle of ineidenee be small, i.r. corresponds 
with a high Mjiecd of fi'ee llight of an noro- 
])lane, the wing oscillates in aeeoi'ilanee with 
the Huetuations in the wind. For a large 
angle of ineidenee, such as is taken by a stalled 
aeroplane, the wing takes up a eontiniious 
ix>tatioii >\hieh is mensurahle and, to n high 
degree of aeouraey, calculable. Some of the 
fhore insistent modem problems nriw' from a 
study of this rotation* and an improvement of 
oontnd at low spinsls may He anticipatcfl a.s a 
result of a realisation of its causes. 

Owing to the difficulty of^the inea.sureinent.s 
there are no records of lateral movements at 
tho momeJit which compare directly with 


Fiffit. 2, 3, an<l 4. Not only an? the motions 
more complex in type, hut the pilot has Ovo 
controls, the ailerons and rudder, and rartdy 
abandons the latter. The most comn»on type 
of motion theref<»re is one m which the direc- 
tion of the craft is maintained hy human 
Control. Under tlic.se cin-iimstancr*H stability 
is oa.sily attained. It is doubtful whether tho 
more complete stability indicated by li.xing 
<»f all controls is given by tlu* normal construc- 
tion of the jiroseiit ])fnod (1023). 

(iv.) ('iinnlivenr h'h<jhl.— \.t lias alrendy b(‘en 
remarked that cmvilmear steaily flight can 
only occur when ?he ic.sultant rotation is 
about a veitual axis, 'I'he jiossilulitii’S 
incimlo circling m a hoiizontal plane, with 
or without the toirect banking to avoid side- 
slipping and a spiial ascent or descent. 
V’lgoouiM suh'-slipping tends to produce diili- 
ciiKies with lateral contml and to initiate a 
.spinning nose-dive ami is u'cncnilly avoulcd 
hy pilot.s. 'I’lie full thcoiclital nnalv.sis is 
lengthy ami is limiti'd by the experimental 
<J.ita av.iilable, on the one hand, and bv the 
<lil1ieult\' of extracting the pomt« of generahtv 
from the paiticulai i«\sn!t,s to wincli lesoit must 
be iiunle m order to obtain solution.s at all. 

If atti'iition be eontined to symmetrical 
curvilinear flight, ie flight without side- 
; slipping, It would upjM'iir that the aerodynamic 
derivatives may lie d('diu>ed with sufficient 
aecuracy from those m Kstilinear motion. 
'I'he tm-ms of <'tjuntion (2h which indicate 
interaction Ix'twcrn tho longitudinal and 
latei.’il disturbatiees arise as the result of 
centiifiigal components of fon'c. 'I'he eom- 
hineil elTect of a uniform ncia'hnaf ion and 
gravitational attraction ks indi.stmguiHliahle 
from that of a new' gravitational field of 
increase<l strength and of changed direction, 
and it is found in jvarticular instances that tlio 
dilTeiX'iires Itetween the .stability of curvilinear 
ami rectilinear flight are appreciable for 
tliosc parts which depend on gra\ity. Since 
the fMWodynnnnc derivatives are no^ changed 
in any important particular for the flight 
avsauincd, it is not surjirising to liml that the 
disturlnsl curviiim'ar motions which ari.se in the 
adjustment of the aeroplane to the er»ndition of 
zero air-monumts art* not materially different 
from those arising in rectilinear flight. 

It is necessary to l)ear in mind oerlain 
restrictions a.s to conditions of oompariaon. 
Resistance derivatives art* complex functions 
of angle t>f incidence, but, if that be kept 
constant, vary as the speetl of motion and ns 
the air density for a given niasa of aeroplane. 
In order to fly at a given angle of incidence 
on a blinked turn tho spied of fliglit must lie 
greater than that for rectilinear flight at th^ 
avue angle of incidence It then follows that 
the ilerivatives aae greater for a particular 
aircraft in circular flight than is the case for 
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etraight Bight, and aa a consequence the 
disturlxjd motions are more rapid and more 
heavily dami>od. 

For tne rapid parts (jf the disturbances, 
therchtre, the jKuiod of oscillation is decreased 
m proportion to the si|uaro root of the 
celocity, whilst the danqiing factor is in* . 
criviscd in proportum to the velocity, and tlu^so j 
are the only sensible changes. The sunie ' 
general law accounts for such changes as ; 
oci ur in the lateral oscillation, which falls • 
between the two extremes, of aerodynamic ' 
motions which arc fast *and independent of ! 
gra\ ity and those which aixj slow and are ! 
calleil into operation as a result of gravitational 
attraction. In the last group falls the hjiigi- 
tinlinal oscillation with a jicriod of 20 to 30 
w'cs., ami the spiral aubsulctu’o of divergence 
of th(' lateral motion ; lx*tw('cn the two there 
is <v coiHiderabh' dc'f/rce of mtmaction. An | 
aeroplane which is lateially iinstuble m straight j 
tliglit tends tt) become stable us the result of 
t Hilling, whilst the longitiubnal Htability is 
reduced It is fjuite possihli* bir the conditions 
of stability to be K'vcised witlim the limits of 
tiight of a jKjweiful craft, 

riu* above dcdui tioris an* based on flight ut 
an angle of im idenco wi ll n'lnoved from the 
critnal value, and it is not to lx* c.\qs*<*t<*d that 
tlicv will apply cvi'ii apiiroximatc ly to the 
motions vvliu'li invccdi* a s])m. I 

'riu* l.iboiii mvolvctl in a full uivcstigation j 
of St ibility by the known methods i.s Bulhdent I 
to ])i'c< lude mu< li general analy.sis. It is to ' 
lx* liopt'd that the dcsigui rs of the future 
will, m the md'i’csts of safety and comfort, 
make a detailed estimate of the propi'rties of 
their own craft 

<t (13) Aihship,— T he treatment of airship 
st-abihty ihfTers fnun that of the u4*roplane m j 
two iiiqiortant particulars. In tlic first ])laee j 
the deviations from the conditions of rectilinear j 
lligdit which an- ]s)ssible arc not so gr«*ut a,s to 
modify vitally the nature of the disturfs-d ' 
motion, and it is sufficient t-o consider tin* j 
longitudinal and lateral motion aa sc})arable i 
utuier all circuinatanees. This is true even j 
in the s^x'cial ea.se of the motion of an airship 
with its axis slightly inchncil to the direction 
of motion, although the re.sult is remarkable 
in showing that a great access of stability in 
obtained by an airshqi which follows a sinuous 
path, first turning in one direction and then 
in the other, aa compared with the same airship 
in stnctly rectilinear flight for its steady 
niotion. The explanation of the difference 
appears from a consideration of the aero- 
dynamics relating ^ the moments on the 
i^irship. With the fins directly in the wake 
of the airship the shielding by the envelope 
is very large, whereas a moderate angle‘s of 
yaw (2 or 3 degrees) nia^ suffice to increase 
the restoring moment some two or three times. 


'I'ho second cause of difference b(‘tw<t*n the 
applied theory of stability for aii>ihij>a and 
aeroplanes ari.‘s's from the buoyancy terms 
and the uecclcrations of tin* air due to the 
large bulk of the envelo]>e. If (ho airship Ihi 
m static equilibrium, tiie tuioyancy fona* F 
exact!}' balance^- the weight of tin* craft aiul 
no com]s.ii<*f.ts ap]kar in the fmec cquatmiis 
as a result uf m» huai ons of llu* um raft. 'Ihe 
centre of buoyn.icy i», lu>wi‘vi‘r, sotiio distunee 
above the ciMit.c of gravitv, and Jiichiintions 
n*laliv'e to the vertical had to iiuiipoiient 
couples, 'fhe dm*clioii cosines ii.^, and w, 
then npjX'ar iis inqvorlaiil I'vpivssioiis only 
in the equations for L, M, and N. 

Some iiot4' has alix-ady Ucii taken of the 
effects of Hind acceleration m <lcv doping 
oipiation (2), whidi states the pictisc nsHunq)- 
tions nuuh* at the pri'scnt film* m dealing 
with thepioblcms of the motion of liglif cr-thnn* 
air craft. 

(i.) Sletuhj An ait.'*hi]» is provided 

with two mam coiifrols, di'vator and rudder. 
At rest, the contiol of trim cun U* ciTceb'd by 
a suitable di''liil)utioii of (Ik* weights larricd, 
but the moments so prixluicd an* small 
comjiared with the acrodMiamn* niom( nts 
whi«*h can Ik? a])])hcd hy tlu* elevators at 
modcrati* s]H'cds of tliglit. No lateral (orilrol 
e\i.Ht.s to correspond wiUi the wing llajis of on 
aeroplane, and the pilot has tlicreforp no 
mdc]M*ndcnt control ol tlu* banking of tlic sliip. 
3'he stability' again t rolling wlin li conies from 
tlu* action of buoyancy and weight is vi'ry 
great and large angles of hank <lo not occur. 
This .stability is not mutcrially nfh*ctcd by 
motion tlirougli the air. 

(li.) Stnhihty EquatioyiA. - If rectilinear 
motion and .symmetry about a vertical piano 
timmgh tlu* a.vis of tlu* aimhi]! lxi presu]>]) 08 ed 
the stability equation.s become 

li' “ <Z + a- + qZ.^ 

+ wZ„ + ivZi, -b qZ,^ 

lyB (n,j: -b n 32 )F^ + + ieM«, -b gM, 

+ u M„ + m;M«, + (/M,^ ^ 

(27) 

+ fY,+;)Y,-, + fYi. 

M= (”f -T)''" . ^pL„ + rL, , 

, c - - + pN,, + rN, 

+ rNi -bpNp + rN; 

(28) 
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TIih <iifT(‘r(‘ii(;o tho wri^ht, m(j, an<l 

thr lift, F, lino to (lisjilacernont of air by 
hy<lro^«’ri must l>o rfinall, in which case tlio 
balamo can lx- proMfifd by dynamic lift 
fn»m lh»‘ cnvciofic, whicli arwcs wdnm motion 
ocruPH tfiroii^di Mic air with the iiM.s im'hruHl 
to t(u‘ din <'tion <pf motion. Tlic co-ordmab’S 
X and " uro those (»f the centre of buoyancy 
ndative to the stamhird axes through the 
centnx of gravity, ttf flic derivatixea r(‘f|uired 
for meelerations (»nly a few have yet Imsui 
ovaluati'd. X,* and Y„. N^. M,^ are known 
to Im> im]Mjrtant, ami a few values arc avail- 
able for UM<\ 

'I'he two HcricH of Htahihty ei(uatK)nH arc 
dedueed from (27) and (2H) by ehmmating 
any two of the three variablcH a, v>, ami 7 for 
(27), or r, p, and r for ( 2 H). 'I'he result m 
eaeh cast^ is to]iiodncea biijuadratic equation 
for X, tiu' solution of which determines the 
charaeter of the stability. 'I’he ec^iiations can 
further f«^ lists 1 to determine the rafn».s le/a, 
7 /a, pjr, ami r/e for tlu' distuihed motion, ami 
henct' tlm full details if re<iuired. 

( 11 .) Appn>> tinati (Uiltrui for Air/ilup Sta- 
bihUp — From n very general coiisitlcration 
of the magnitmle of tIu' ({uantities invoKetl it 
is ]) 088 ihltt to (letiuee a|qiroxinmb> formulae 
of ])ractical utility. It is found that a limt 
root of (27) is nearly eyiial to 




( 2 ») 


and tho physical inter])retation i.s that the 
disturbances of forwivnl motion an* danqied 
out a|K'riodically, wit h little efleet on t lu‘ U]) and 
down motimi or on the pitching. The term 
is es.scntially negative, as is also X^. The 
latter may 1 h' n'g.arded as an addition to the 
virtual mass of the airshi]), it.s value iKung 
ostIniaUal by its nlation to unity. A not 
improbable value for is '- 0 - 2 o. After 

eliminating the root given by ( 2 U) from tho 
full eipiation derived from (27) there is left a 
factor with the approximate value 

I Z„-\(l -Z,;,) M„ + Z,, I, (30) 

1 DU iM,-(H-M,;) + Fc/\ | 


which is a cubic in \. Fsing the theory of 
equations and a km'wlcdge of tlie signs of tho 
terms involvoil, it may Ih' shown tliat the cubic 
leprcscnts oscillation and a subsidenw. 
The only ]xissiblc instability then anscs from 
an increase in the amplitude of tho oscillation, 
and the ('onaition for* real damping is easily 
found to he • 


M, 

M, 


+ Z^ . 

_ Fz(l-Zj)J/B 
^^'M,(l-Z,j)/B -M, + Z 


- 0 , ( 31 ) 


whilst the periodic time of the oscillation at 
tho moment instability shows itself is 




Mv(l-Z«.)V' 
b-m,z«7' • 


(32) 


A Ics.s exact criterion for longitudinal 
stability is given by 

IH, u„ + Z, -0, . .(33)1 

I M. Z, I 


which 13 derivcii from the condition that no 
critical v'eloeity exists. Aerodynaniically it 
means that the tins are so large that a rcHtoring 
moment is produced witliout tlic assistance 
of gravity and buoyancy. Engineering limita- 
tions in the fixing of fins to nirHliqi envelopes 
restrict the |M)Hsibilities, and it is thoreforo 
lueferahle to u.se (.‘U) and to ensure that tho 
critical sjMssl of the craft exceeds the jiossiblc 
H|)«s‘d of llight. Owing to the cxjiansion of 
the guH containers the value of the buoyancy- 
gravity c<»nplo will (h'crca.sc with licight, and 
tin* critical xeloeity will therefore Ik* lowcw on 
this neeount. Tho ail foree.s an* al.so reduced 
III ]>ro]K»rtion to thi' diuisity and this has a 
tendency in the reverse direi tion. 

'I'lic existence of a critical viioeity may 
always Ix' sti.s^K'eb'd vvIkui part of the restoring 
<‘ou])le dejx'nds on giavity and is Ihendoio 
invunabh' with sjx’ed, whilst thi‘ cuuplc.s duo 
to tlunl reaction men'ase as thi' sijuarc of the 
8|M‘ed. 

'fhe solution of the labial stability equation 
obtained from (27) leails to a dillcrcnt type 
of result. It has licen remarked that tlio 
stability against rolling which is provided 
by the gravity- buoyancy <‘ouplc is largo, 
oven at the highest .s^Ksds of llight, and 
thi'refuro involves tho presence of a stable 
o.scillation. Tho approximato factor which 
is deduceil from (27) and a consideration of 
tho valuos of the dt'rivativos involved is 

X»+sL,/A-.:I’7A^0. . . (34) 

The middle term is intn)durod ly tho 
motion and gives a moasuro of tho damping. 
Unless vorj' gn^at, tho effect of this term on 
tho pcrioil of roll will lx* verr slight. The 
last term gives tho quantity from which tho 
Iieriod is mainly determined and does not 
de^H'nd on the motion of the airship. 

Tho only tyjx* of lateral instability which 
a]>pears lx- jxissihle is that corrt'sponding 
with a real positive root of the stability 
equation, and to ensure stability it is necessary 
that ^ 

|Y, ~u, + Y, l>0. . . (35), 

I N, N, I 

^ 

* With Zfl-0 tills condition was given by Crocco 
In 1907, 
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It IB notoworthj* that this condition dot^a 
not dojicnd on ajiy of the dori\atiM‘8 whicli 
arise from the consideration of tlio acceleration 
of the aii^by the motion of the nii>ln]K The 
term N,. d<'}H*nds on tlie yaainf^ inoinent 
alsmt a vertical ii\is throuirh the centn‘ of 
gravity of tlu* airshi]). A cartdul cxuinumtion 
of (3r>) fthows that an aiishij) in fn*!* fli;jlit 
may Ih» stable, Mheri-io> the same shi]» nganhai 
as a went hen o.k on an axis thiough the 
centrt' of gruMty \n>nM lx* inisiabh' and tend 
to turn Its tail into the wind. 

§(14) ST.\nii.iTV OF oTiiKii 'lAri.s of Ain- 
tiivFT.- A certain amount of work c\i>(s on 
tho stability of kites and kit4* balloons. '1 he 
new ])oints nri'^c fnnn the eonstinint of tiic 
kiU' win‘, and \arious assninjitioiis are nuidi* 
as to the etlc< t of its weiifht and air lesi^taiiee. 
It is ])robahle llial the wa\(‘ t run'^rnissmn is 
aliimst a.s iiiqH.rlant as ,iny of the staoiidaiv 
elicits where the tcn^-loll is gicat. '1 he 
ch:in{j:<‘s an* tliosc of did. ill, and the thcorx 
procci'ds on the ^a-neral lines adojittai for 
iu*ro]il.uii‘s and aiishi]>s. I'nlil a sunuieiit 
niimlwr of dt'n\ati\ts ha\<‘ lics-n e\-|M-n- 
im-nlalK (leteriiuiied to admit an estimate 
of their im|»iitame little jirouress will lx- 
[Kissdile in the diiection of etT(‘cti\e appfo.vi- 
male formulae It ii]»])<*ars tlnit the ratio 
of the fwriodie time of (iie oStlllatKtll of a 
l>ody about its ]ioin( of attuihment t«) a w m* 
and that of the end of the wne i-, of great 
iin]K»itane(‘ in deteimnimg the t haraeter of 
the motion (tf a t<‘theie<l hod} such as a ki(<‘ 
balloon. 

§(!")) Khvi,<To\ \v Ai'itoriAVK <«F Smat.l 

Mo\ I.Mh.N'lS Oi< l '()\TUOI,.S \\|) K.Neut'NTFH.S 

\MTM tJt’srs —In oidci to (iioeeiai (<j the pro- 
blems now indieat<'(l it is ru'ci-ssaiy to depart 
from the stru t < on-ulerat ion of stability. The 
previous anal\si.s is still necessary in ord<T 
to obtain the values of \ whu'h det<Tniine 
stability, hut nion^ i.s reipnreil. An example 
of the of ])roblein ennt<‘m])lnted can l»e 

given by .siifiyio.sing an aeroyiluiie in steady 
longitudinal llight to l»o disturbed by the pilot 
pu.slung Ins eontrol ccilnnni forward slightly. 
The final effect is an imreaHc of K]HH-d on a 
dow’nw'ard path if tho aeroyilane lx* stable ; the 
pro<ms by which the a<'n)])lan(* yia.ssi s from its 
initial ti' it.s final state of motion is that which 
will now U' e.xainined I’lie analysis will be 
confined to rectilinear motion, as this covers 
the theory rom])let<*ly and illuatratcH the 
more imyxirtant practical drvluetions. Solu- 
tions of the expiations of disturlx;d motion 
as given in (2t)) have the fonn 

— . (36) 

for the longitudinal motion, with simile 
expressions for r, p, and m in tho lateral 
disturbances (^loosing the group of longi- 


tudinal i^piations for immediate consideration, 
it will lie seen that the}’^ beeome 


X.. -r(X^-rCo 

'A, (4. A + 0 

(I <t i 


1 CiV 


' M.. +(M J 

,r thus* f<pjatio- s foi the dt'lermiinitioM of 
6/(1, r/n Till* Ill's! of these has Ixs'ii dealt 
' with m tlu'eiuher pait of ihis arfu le, and any 
I Wo of the ei| nations (37) imiv then Ix' iiserl to 
liiul 6,<i and r/u 'I'he solution is rt'mlily 
, obtained, III giuierul ti'rniN, Ixith when \ is ix'al 
i and w lien eomyilev. in t he latter « ase |1 i.s neees- 
, sary to eonxidei a ]*Hir of loots niul to evaluate 
till* ix'al ami eomyilex paits seymrately. 'I'lien^ 
I being four loots for I he solution takes the 
foim 


u Ac''‘^ + t r 'I 

rr Af'-' i ir.^' t(V-^ 4 ’ 

q A + ('" 1 ) 

wluie (he ratios A', '.A, (‘le., are given by 

the .solution of tlu* lirsf (wo eipiationsof (37) * 
'Flu* (piantities A, H, and 1) an' arhitrary 
niihl the initial <list nr hama- ik s)x ( ified. If 
at a tmv" whi< h mav lx- taken us zem the 
neioplane in steaily inolioii I'luonnU'fs a hori- 
zontal gust of iiiagniinde //,, i(. f.illoWH that 

»/, - A hil + (M 1) 

0 - A' 1 r/ t C' H)' 


0 AN HN (’N ir 
0 - ^ A" I ‘ ir4 ^ 

Aj Xj A, 



(39) 


wliere the fourth eipiation is obtained from 
the comlition that yq^/t is zem. 'I’lie relations 
Ix'twayn \' and A, eU*., are such that all the 
equatiori.s .vie linear in A, B, C, and JL) and 



in /"'iq. 5. In general, the ixK-fficients of (38) 

j * Confusion Ix-twixiii tlie two rncanInBH for B In ” 
> (.37) anfl (3H) is easily a\*il(UxI and the diipncation 
1 of the use of symlxilsvls mx.'essary in nmne form or 
i other. • 
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am funetioni of the naturo of the initial 
distil rhaneo. 

ff th<* diMturhanca is duo to the pilot's 
iiiovoriitirit of the elevator or the engine 
throttle, it is ru'ecMsary to det(*riijiiu' from the 
profHjrtioiiN of the aero]tlane what arr* the 
constants which rlefine the initial disturhance. 
The following nietluxl is < (Kivcnient : the 
rnoveinents of the controls Isiinj^ small, the 
maj^nitiide of the ciTcct profluced is taken to 
bt' pro])ort4onal to the movement of the control, 
and the constant of pro]>ortioiuiiity is of a 
similar riatuit' to the derivatives already iiw'd. 
Csinj^ fx for tlu' elevator movement, the 
<(iiantity itself may lefer to the an^iiiur motion 
of the elevat'or ahoiit its hmj'e or the linear 
motion of some [lomt on the control eoliimn. 
The clianf^e in X due to a movement n is 
denoted hy the ex[iression ^X,,, whilst a 
similar e\])r«'ssion di'lines the chnn^o of 
thrust iKT unit mass due lo a movement of the 
throttle lever os ^'X^.. 

'I'lie e<|ualion of motion aloiii' the axis of X 
now' U'comes 

^ - "il/ t /\(wo* 

t yuXV + ‘'Xr, 

wlu're Si, /\, and /e, refer to the Initial sU'ady 
motion, and hetu'o tlu' first pair of terms is 
separal^'ly zeio. I'^oin this and its two 
eoifi panion eipiationH are then dediieiid the 
eipuitions for the initial <listurban<*<’8 in //, ?/’, 
and 7 /\ vvhieh follow from chanj^H'S in /t and v. 
They an» 

- -f m\„ 4- u'\u) + t 0 1 

f a Z„ f- W hjLL Z/x t rZ,, - 0 j ■ ^ 
«Al,. + tcAIw f t vAl,. - 0 ) 

■^I'liere is, of eoiirst', no ehanj^e in q, aiiuo 
this must Ik' 7en> in any iXMliliiiear steady 
motion. q/\ ix-])ivs<Mit8 a change in the 
inclination of the axis of X, as will bo soi'ii 
from tho eiiuation 

(i~q. 

Heganling m and r as arbitrarily disixvsable 
coiistujits, it will \x^ seen that ('((uatioiis (40) 
ftn> sulHcient to determine quantities m, ic, and 
qfhf which repit'st'iit initial disturbances. They 
are of course the ditTenuict's Ix'tweon the 
ifs{)eetivo quantities in the initial and final 
steady motions. Fig. (i shows in a jiarticular 
instajm'o how an oerrqdane moves from on© 
state of steady motion to another when tho 
elevator is'inovixl si^denly. 

Tho effect' of changing liio ixisition of the 
engine -throttle lever is very closely analogous 
to that produced by nlteriqg the inclination of 
tho foro and aft axis of the aeniplaiie, ami 
oscillation# of largo anqllitudo are sot up. 


I After the expiration of less than two seconds 
[ tho rt'sidual diiturbance is always of tho 
I same < haracter, no niatU'r what the initial 
dLsturhing cause. The curves follow in the 



sariio ixdativi* jHisition and the same relative 
pnipoiliotis for amplitudes of the oseillationa 
m II, »<’, q, and H. \ ariations of forward 
R^x'ed of the ndative wind and inclination 
of tho fore and aft axis to the hori/ontal are 
taken up slowly hy tin* aeroplane, whilst 
vertual eonqxvnents m the wind or rotations 
aUnit a hi'n/ontcd axis aeioss the Imo of 
llight are transferred to the ni'roplane with 
gieat ra]>iili(y. 

The trirntment of lateral disturbaiiees follows 
very elosidy the lines indjeatetl above. Tho 
prominent motion is the lat(>ral oscillation 
with a ix'riod of a h'w WM-onds. A rn])id 
rolling sulwidence pnxhu'es a banked con- 
dition, and 8ide-shp]>ing and yawing follow. 
At tho end of ten to twenty seconds a laterally 
stable ai'roplano would have roeovereil from 
any disturbance. If s])i rally must able, it 
would then be m a state little diffenmt from 
the steady motion, except in the case of 
flanking; but all the residual motions liegin 
to inen'ase in magnitude, and when largo 
ecosii to bo covererl by the theory of small 
oseillationa. As was |x»inted out in eon- 
noetion with the theory of the stability of 
curvilinear motion, tho instability tends to 
disappear as the result of turning. Tlio gusts 
to lx> investigated in lateral distiirliances 
aro those which produce side-slipping, turning, 
and rolling. The contnJa are the rudder and 
wing-ffa})a, and it is mil difficult to deduce 
the proportionate movements which are rts 
i^giired to ensure that turning shall occur 
without side-slipping. 

Tho calculations of the disturbed motion 
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when the disturbiri^ ci^ueea all operate at | 
zero time preeenta little difficulty, and when 
once the experimeiiUil quantitioa have been ! 
deduced ais a rapid iirtK'Css. In concluding i 
this stH’tion an outline will Ix' given of a 
general methixl of tivatincnt when the dis- 
turbing <’auscs continue to o|K^rate. An 
instance in |>oint is the flight of an aerojilane 
in a natural wiml. In this cast' the theoiy 
Is not strictly ajiplioablc, 8inc<' the fluctuations 
cf velocity of the relative wind an' finite ami 
the method ls only ajiplicable on stru t matin - 
rnatical grounds to indefinitely small \aiu ^ 
tions, TstsI with discretion, the msults may U' ■ 
a]iplicd t^) n'al problems with gnat advantage. ' 

(i ) f 'ontinuoHJt Ih^liirhing It is a ftimla- 

mental pro|K*il v of the Hni.ill ont illations of an 
iwroplane that th('\ ro-cMst \»ithout n'fiTi-nrr to ; 
cHi li other. .Not otilv inav a nurnlw r of (li>»turbaiu es , 
of a rtiriiple t\pe Im' HU|KT poscHl at a i;i\en iUHtaiit, 
but to the residual disturbaiu (*« at soiin' subw^puuit ' 
time niav Is* udiled nen compl(‘\ ehang«*H. Kor | 
eastt of i vplaiiaf ion tlie causi- will U- primnrdi ] 
assunuMl to ls> a I out muons mo\oinent of the < lot ator i 
initiated b\ the pilot mk Ii that 

Ai' I'V). . . . (tl) i 

At a time r the in'-taiitaneous sudden inoM'inent I 
iiia\ b<‘ t’lken as > 

. . (ti) j 

and it has be«'ii sm ii m equaltoiis (:{',)) and (40) i 
how to disliiee th(' resultiiii( itiofi<>n. illustrut«sl in 
Fiy (J for an iiolattsl wuddiii <le\.i.tof nioveinent 
For this ( ase the i oiistant.s A, H. < and I » of etpiation 
(.’18) are known *ioiii the jtrfjjierties of the aeroplane. 
The (juant'tt / there use<l dfiioKd tli<' lapse* 

of linu* from the duturbaiuc an<l must novs Is* 
reeoiisidered. If t Is* now dt tilled as tin* laps*' 

of lime from some* Ktate*d zero, and r ls> the time 
from this same* /<*ro to tlie <ii.stiirl>ane*(> (/.<, tlie*re will 
l*e an e*lem< ntary aelditmn to the \( lea it} u of 

du^ 1 • r) t; 

( K(r)5r ( 43 ) 

for all times I «ul)ae(iii<*nt to r. The runiulalnc 
cffeH’t eif all disturlamce's up to time 1 will then Is* 

u- / -t> 

.0 

(44) 

Equation (4t) is eif very general application; it 
wa* develoind on the hypotlnstis that Ft/) represeiiteel 
a movement eif the elevator and that the crnistanta 
A, n, (\ and I) are those appropriate to a Hudelen 
isolated elevator movement and the cficct on the 
velex'ity u eif the ain’raft was found. Instearl 
of the elevator, a change of engine throttle position 
could lx* uixsl with eorreaponding changes in the 
conatanta A-D. Further, an examination of the 
variations of le, q, and d due to chaiigce in the 
controls follows the equation. Finally, F(f) 

Tsti^y represent gusts of any description such a* those 
which occur in a natural wind. 

The form of F(/) may be very implicated and not 
toitablc for anai^dical expression r thia is particularly i 


the ea«e when it repreecnta the fluctuations of 
velocity in a natural wind. 8un'e equation (*M) 
inxolves the first dilTerential coefticienl, »ta form is 
tlurs-fon n«»t that most suiiahlc for cah ulation. Hy 
nujiiM of a |Kiriial integration (xjuntiun (44) becomes 

U--^(A t H K * l))F(/) (Af 4 (V^*^ 

^>4 ")11*(t)i/t. . (46) 

The firnt term mi llie nglit liund side represenU a 
dettuibaiice in u jiroportional to tlie disturbing 
cniiH*' F(/) , the f«c*eond term nnw's fnun an isolated 
sdiiinge at / () of nmgniliide F(U) and the initiui 

roiulitioiiH iiuu geiiemlh lx* thosi*!! tsj satisfy the 
condition F(0) 0. The tliinl ti im nmv Is* exaluateti 

grapiiK-ally witliout sjK*eial etTort. If tlie disturbing 
caiHo is a gust it will be found llial A ) IM (' I D — l, 
and in the eu^ie of a hori/ontal natural wind the 
whole of the hrst term is tlie wind vel(w*itv over the 
ground The integral of ( l.'‘i) then n'prrsents the 
\<!(s“it\ <tf lh(* aeioplane oier the grouiui. 

A jirt'eanlioTi is neeessarx m pnK*issling to an 
example. A little tliought will show that the 
disturbances met with bv an aerfijibine in flight 
will not la* those regist4>red by an aiiemonicU'r fixed 
to an oliservatorv, fiorn whuh alone records arc 
obt.uii.ible. A riot improbable* nssumjition is made 
tliat th<* gusts III the an iepr(>H(*nt timtiiations or 
cildies whidi an hiiperposi d oii an axcrage iiinform 
floxx. hroiii tills it follows that the time of the 
rei on! ma> U> icdmeil m p .portion to (he ratio of 
the xehsity of the aeroplam* to the average vind 
j xeliK'itx and tluii assunusl to apjilx to the former, 
i In otiur wonls. the asMimption is made that the 
same gusts an* eiu ouiil< ri‘d in |)assiiig a given 
j ilisfanee through an no mutter what the velis'ity 
j of transit. Fot tin general purpow*s of the theory 
of stability the assuiiijilion is amply justified. 

The number of ealeul.it ions niaih* on the basis of 
(4.'>) IS not great, but theie is little doubt that a 
high Hjsssf aeroplane (upwards of 1(K1 miles per 
j hour) can lie nuuli suflieienlly Htabh* to control itself 
* l<*ngifu<linully in wimls short of a gale. It is not 
j c<|uallv rer’.iiii that the (onditions would Ik* ihoao 
I most eondi. ixe to eoniforl, for rrsovery takes place 
by a prneisis of sw it( lilxiekmg. When the idea* 
mvoUfsl eorne to Ik* npjilied in practice tlien* is some 
reaaon to Ik*1ii*xi* that an additional <levu*e will be 
used in order to pHsluee an aerojilane which i* 
lK>lh stabh* an<l i oiiiforbible. How' far this can be 
aehiex'csl is unkrioxxii, but il is c*vident from existing 
anal} him that mmio of the resjion'ea of ihe aeroplane 
to guata are so rapid os to be* acnaibly uneontrollable. 

(n.) t'nntinuous Control , — In steady straight flight 
It may be taken for granted that the controls are used 
in such a wav oh to minimiHc the effect of gnste 
in disturbing the aerojilane. At the time of alight- 
ing. vertical xel<K*ity is axoidc-d, while i nder other 
rireumstanees it may lx* desirable to reduce the 
pitching of the eraft. Mathematiealiy yns iridicjate* 
that the « of (46) is predcV*rmin»si and that it is 
recpiired to find F{/)/rom the equation. The valoc 
of u may first be taken as due^o a simple isolated 
disturbance and a value of the elevator movement 
found which prexiueSa a neutralising effect. The 
method of sumniatioi* for a succemioi^of gusts w 
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th/*n rradilv rvpn'H+w'il in thn Ham<< ftinn jis [ 

when* tin* coMfntl wiih fidt uHifl. 

Tlin vfTtii'dI vdiK-ity of an nor<)|iliirir <lno t4» an 
Wdlatf’d hfiri/.<»ii»al fjjnut, ut iJino I - 0 has Iwmi shown 
to hftv** th(' form 

A i(„*l («Hinf> «’ COM f>) 

-A/-'*' I iv^*' + I (4‘;) 

If, Ix'ffjH' the (•levfit<ir H put over, the aeroplane 
Ik^ fl.VUiu Htnidilv, the e(|Mation d* rive<l from (4t) 
by partial lnte^|(r,ltlol| loads to an expreHHion 

1 - f 

rU'Mil'ir 


pitching in the illuatratinn, are calculable. It can 
1x1 ahown in a gcnonil way that the conib»ne<l effect 
of guHt and control lends to a retluetion of all typos 
of disturlM'd motion if it leads to a dir|^inution of 
any one of them. Kliminat<on of an isolated dis> 
fnrbanee is praetically conifiletfd in a time repre* 
‘wntid by half the jx'noil of the slowest f>seillation. 

The extension of the ealenlation to a continuously 
varying wind diHturlaim e foll.iwM the hnea already 
tovered for non-tontiollcrl motion. It again is the 
( ivHC that evamplcfl are very few in iiiimbcr, hut 
, the advantages of control in stcailying the resultant 
I motion of an aeroplane arc dearly brought out by 
j tins mctlnsl of attack. 

j § (Hi) ItisTUKiiKi) Motion in M^ind. — A n 
1 illiistnilion of the results of ealeulalions of 


The values Aj . . . 1)., differ from tliosi' of 
AjiM, etc, <if { In) IsH aiise llie fornn r lefer to 
veitieal vdisifv and the latter to liori/ontal 

velomlv. M(|nal mg ( In) and ( t7) wttli a view to 
making the elevator ilisl nrhain e (>himtiale the 
effect of the gust yields the e(|ualioii 

I I < ‘ 

"'fo 1 ^ 

)!),/«<* ^^;K(T)dr (48) 

from w'hich to find F(/) It has l>e«>n pointed 
out by iSir d. d. ThoiiiHoii that an aiiaUtual 
aolution of (48) is guenjiv 

K(f) I 11, )(>•''•' 1 1»,.. (49) 

and that the values of K,. K,, ami K^.are found 
by a solution of llie eidne eijuation 


with other e(|iiatioMs for A,, H,. and 1)|. 
Tfu're ari' only a limiti'd inimlwr of «listui Imnees 
to whu'h (19) can Is* applied, for on ph\sieal 
grounds It will Is* di'ar that the effts ls of a 
sudden isolals’d hon/onfal gust on th«i speed 
of the aeroplane through the air i aiinot Is' 
eonnteml In mu thing short of an inlimte 
airserew thrust 'I'liis of i ourse unlieates a 
very arlilieinl initial assumption, but should la* 
borne m inuid in any ajipln ation. 

If the control in to be satisfaelorv the 
elevator must ulfimately n'tnrn to its initial 
pofulinn, and in (4*d) it must happen that I), -0 
and that K„ Kj, and are negative. 

A less rigorous solution of ( 18) allows for a 
partial eliiiiinatinn of a dist nrbanee ; in.stead 
of e.^cact eomn’tion at all tunes, it tnav lie 
preaunuxl that a short interval of tune elapses 
during wli*eh the full amount of control is 
applied without Is'ing sutrieient for complete 



compenaatioi). The pna'c-sa of solution I»e*'omefl 
one of tnai and ernjvr but presents no serious 
diffieulttes. Whichever methvxl lx? followed, it is 
possible to arrive ivt a value of F(/) which, either 
accurately or approximately, eountemota some 
particular effwt of a gust, and the reinamder of the 
effects, auct\ as that on hcrixontai velocity and 


in Fiff. 7. Tho upper curve ahowa the wind 
a})eed over tho ground rji a function of time. 
Immeiliatoly below it is tho elevator move- 
ment required to diniinate vertical velocity. 
The lower curves show variations of vertic*! 
and horizontal velocities for the conditions of 
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incon trolled and eoiitrolled flight in the wind 
t^prew'ntwl by the up]K«r eurve. The veio< ity 
A the aeroplane ndativo to the air was taken 
IS HO fedt i>er sec., and it is pn>bable that 
eas marked \ anal ions would lx‘ found for an 
lerojjlane flying at a gri'ater 8])ced. 

'Die more imjwrtant references on the 
mbject are ; 

1. Stninhiu wi Hrv'in. 1011 

'2 1ltp(trt of the Aii>i«ori/ Committee for Aero- 
taiUurs, I'JOO to nresviit ilati'. 

3, fteporti of the y<iitonnl A'ln^ory Committee 
m Aeromtutire, (’Si , i * 

From (2) can Im foinul tho tith-s aiul almrurtH 
>f eontmts of artiili“' \iritti‘ii in Italy, Fraiui*, and 
Lierinan\. lH(jh4toil jiaivr-^ aiipear in the Journal 
if the Royal Aeruiiuutical Society. L. n. 


Whence wjuating the indices of M, L, and T 
r»'S|H‘ctjvely, 

1 «, 

1 :v- ^ LM t 7 + 3, 

2 A ^ 

Sulwifitutitig fo; a ami 5 in the second equation 
it iH'come I 

2 ,i 

Hence a l, 7 3 - 



or since* .i may have jiiiv value we must take 
act ount i>f all p<»ssihl<* ami unU* 


AIH( UAIT MODKI. KXPKKIMKXTS IN 
HKL.VlinX TO IT'LL Sf’ALK IN- 
VKSTIOAITONS 

As with niaii\ other piohlems, (lu^ form of tin* 
fH|uation loiinectiiii; the fones m ting on a 
Uidv 111 motion thi<»ugli the air with the si/,c 
fyid ''jxs'd of the l>o<ly ami llie projx'rtles of 
l,hl^ air laii lx* predu ted from a consideta- 
tion of the dimeuriioua ‘ of the quantitms 
iii\ olv* d. 

Lor the pH'Ht'nt we tn-at tin* air as imom- 
prcHsihle- ex|MTini<-nt shows that exf e[»t when 
the M'loiities loricenied are V('i\ large, ap- 
proa« hmg t he \e|oeity o| sound, we are ju.stilicd 
in doing this and wo also negh*et tlu'idTeit 
of I he plojM'ller ■ 

'11. e tjuaiititie> wimh can alTei t the motion 
an* the Si/.e of the ma< lilile aiul its 8|x‘ed. 
together with the «k*nsitv of the air ami its 
viseo-itv. the M/,e of the nnwhinc, Hime we 
an* going to (ompare the foiees on two similar 
structures, the inaehme and the modf'I, is 
suflieielltly delitusl hy some length, s.iy tiui 
span of tiu! wings,* this we di'iioti* by f; let 
t' b<- tile \eloeitv of flight, p the .mi density, 
V the eiK^flieieiit of m.si osity, K the resistamo 
U) imdion. 'I’hen \vv, may write 




where f indieates sonu' uiikmtwn fimetio,i of 
t he \ armble “* 

If now w«' have two siiiiilai aiienift dilTering 
onlv III si/e and sptt d and l»,, elf“., rt*fer to 
one, IL, I, .. . to tlie other, tllell 

K. 

*> 


assuming the tw'o moving in air of the same 
density and via-o'-ity 'I'lnis 


H, 

Provided now that 




if 11,, etc., refer to the full n< ale machine, 
to the model, then 


R - F(/i, X, /, i) 

“ l/v/)®, 1 '^, v^\ say. 


Force on full .si ale machine 

Fofce Oil uiodel 


‘2 


where c is a numerical ccx'flicient, and F is 
some unknown function of the variables. 

ConHider now one term of tho series and 
write down the oorros|)onding dimensional 
equation, R is a force and its dimensions aro 
MLT"* ; the dimensions of p arc ML”*, of 
V, L*T*h and of v, LT”'. We thus get 

tMLT-«l-[M“L-^, L*^T-^, l/T-*]. 

* Sco “ Dvnamical Similarity," Vol. I. « 

* See " Aircraft, J’erformanee of," *(6). 

* The square root of the are* of the wings might 
oouvenicntly have been taken. 


The condition 

will l>c satisfied if fp , fp’2 * 

constant. 

Clearly the first altemativo is impossible. 
.Since /j is much less than pronably aixmt 
Vb of f,, Tj must Be much greater than the 
air-speerl in the tunin*l mu^t be fsay) twenty 
times the speed olkthe machiiie. Experiment, 

* Sec " Aircraft, Performance of#’ f (1). 
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howover, mHowm * that /or tlio MpordH roaiuieii 
In oxpfriiiicntH f{v/vl)\n approxirnutoiyt'on^tant, 
and wc ur«* jiiMtitiod, llicrofiini, t«j a liigli dogrtHi 
of a|>proxiin.ition in writing 

K 

and (roating tho forcn iw jiroiKirtiorial to tho 
Mfjimro of till! length <if tho wpau and the Hijuaro 
of tho M|K ed.“ 

luHtead of /“ it iiHiially rnoro eonvoniont 
to introdiico the quantity S, tho area of th<* 
wing, whuh 18 proportional to l‘\ or to trriat 
aH tho linear dunenHion involved the wqiiaro 
root of tho wing area. Wo thus get 

U - il/.Se». 

Wo may roMolvo thU forte into its two eoni- 
liorientH, tfu* one at right angles to tho diree- 
tioii of motion, the other in that diieition. 
'I’ho first of those i.s known as the lift, tho 
second as the drag, denoting thoMo hy L and 
L), and wo thus tind 


L 

IJ 

The ({uantitu^H Xq and are knovn as the 
lift isHirticuMit ami tho (Ir.ug cor'llicient ro 
siSHitively, ami it can ho shown’ that if 7 is 
th(' angle to the hori/^m rit winch the m^roplano 
wil^ glide down in still air with tho eiigino 
shut olT, then 


AlKSCKt:W, TlflO 

§ (1) lNTRoi>r(.TioM. - The prt'stMit artii'le 
gives tho general o'ltline of tho thoory r.f an 
aii'sei'v'W. I’ho problem of lu)w an iirscrew 
works is a ihnieiilt one, and muoh of tho 
pri'sont knowledge of this subject lias been 
diivetly olitainod from experimental investiga- 
tions : the theory is noia'ssanly ineoin|>lete. 
For the pnrpo.ses of refenmco it shmild he 
mentitmiHl that tho rt'ports of nearly all the 
ex fieri mental resean lies made in this countrv, 
both with model and with fnll-sealo airscrews’ 
liave Ihm'ii piihlishixl by the Advisory rom- 
mittee f.ir Aeronautics.’ Some notion of the 
state of ktiowlcflgc of this branch of aero- 


's S'* Fdrtlon," S(J7), 12, Vol. 1. 

^or the nioUjflcatlona ro(iiilrp.l whoa the cfTeei 

p 3.^' luirstow, Avplufii Affodynanwrs, oliap. H. 

or* ♦''‘'hislvelv with this subj«'<'t 

?r ‘''rr"’ for Aircraft, bv 

H. ( . Watts, publlslv'd by I.,<inKmatu«, (Jrwn (’o • 
»a Theory and Exprnmmt, by A. F«aV‘ 
published b\ ('otiHtable Co., I td. ^ ' 

known as tho Aeronaatioa! Research 
Comiuittee ard treqiiently refefred to ns A.C.A. 


dynamics may be gathered from the fact 
that, with expenenee, an airscrew can be 
di'Higned to gi\e the desirtsl perffirmanco 
within 3 or 4 per cent. The unceftainty of 
tho result will probably be great^T if the 
problem Iki further comiilicated hy a twisting 
of the blades under load and, also, if it lie 
necoasary to take into consideration tho 
interference on the airsciew peilormunce of 
the neighlamring parts of an aeroplane. 

S»)me views of a I vfm al two-bladed airscrew, 
which exfiiain grajihically tho various terms 
in comrmm usage, are shown in Vuj 1 .® It will 
there he seen that each blade section has the 
characteristic shafie of an aeiofoil, and also 
that the hl.ule angle d, that is, the ancle 
Iwtwccn the clxu'd of the section and tho 

fdane of rotation, di'cteascs with an increase 
of r, that IS, of till' radial dishinco of tlie 
section fomi the axis of rotation. An airscrew 
IS said to luiM* (I ronMtdnt ijeoineirn ttl pitch 
when 0 l'^lnc•^ with r in such a manner that 
'Iwr Ian 0 I's a cnimtanl. 

Any section of an anscri'W’ hv a circular 
cyliml(*r of ladins r ha\ing its axis co- 

im*idcnt with that of the screw is a heli^ 

(7 r.), ami 0 is tht‘ angle which the lielix 
inakoH with a plum' fierjrondiciilar to the axis. 
The pitch t)f th(> helix, that is, the distance 
measured paralhl to the axis latwi'en two 
consemitive thieads. is »'(|icil to 'lirr tan 0, and 
if this I.s constant for all sections of tho 

screw, tlc'se si'ctions form parts of a .series 
of hehce.s which h:i\c the same pitch. We 
could imngim' the face of the unscrew of 
I'onstant-juteh to be traced out by a straight 
line at light angles to the avis which revolves 
uniformly, while one end moves along the axis 
with imifoim speed. 

In pa-saing i( nhoiild, perlmj^s, l)o nieationod Hint 
the tendciKw of tlu- proHout dny is to (h-sign airscrews 
with a coMMtnm gcometriiul pitch, hinoe 11 |ia.H Ixsm 
fouiul that, bv so doiiitt, the best ull-roinul perform- 
ance over tho range of working speeds is obtained. 

The geometrical pitch of a blade element 
is theix'foro the forward distance through 
which tho element would advance liw one 
ix'volution if it wa're moving in the direction 
of its chord. We may look on the blado 
element as a portion of tfie thread of a screw 
forming part of a bolt. The geometrical 
pitch is the distance in tho direction of th 9 
axis through which any point on this thread 
would advance when the Ixdt made one 
eomplete revolution in a nut which it fits. An 
airscrew’ producing a tlmist does not, however, 
screw itsi'lf through the air in precisely the 
s,arae manner as a nut%advanees along the 
axis of the bolt. Excluding frictional forces, 
the thrust or force acting along the axis of 

• Pubn.<»h»vi hv kikd permission of Messrs. Long* 
rasas, Green & Co. 
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tbe nut or bolt arises from the prcssuita | ft)nnaiKc of an airscrew can be determmed 
between two solid sliding surfaces ; there is j fnun an integration of the forties acting on 
a rear turn on the nut hnluncing the for>»ard : eleniental strn>R <>f the blade. l.,ater develop- 
thrust ej^rted hy the wrew’. An airscn'w, inent-* im<»ho b«ith these asjxH'ts of the 
however, works in a nK‘<^lnim which rea»ldy problem. 

yields bi prcssim*. Ht> that the whole of the In a momentum the(»ry due to Fronde,* 
thrust cannot 1 h' balanml merely hy an in- the airscn w ls regarded as an ad\ancing disc 

err^iua* in the po'ShUro of that medium ; siieh of instantaneous ciuinge of pn'ssure. and the 

an ir\cn‘as<* h a<eompani«sl by a yielding of air w a.ssniiHHl t-*' la* b> ’ii in\iscid and ineoni- 
the air which .at^tHiires a hackwanl momentum, i prcasible. The d\naiiKC o]K'ration of jiro- 
Thus the thrust is the n'acti<m fiom air , |kiilMon is considt ed to depend solely on the 

which has a genend hackward motion, ami, miction re.suiting from tlu* accch'ration of the 

in eon8<*<juencc of tins motion, the ainserew air, this ucceleialiou t.iKing jklace both forw art! 
is said “ t<j slip”; the slip incrt‘n.ses with and behind the aii>cn‘W disc. The rotational 
the thrust. When an airscrew niovea thiough i motions in the “ w ake ” or outflow mg column 



Kio 1. 


the air .at such forward and nitational speeds • 
that the thrust is zero, this genenil baek- 
wanl motion disapjayirs ; the surrounding air 
is mon* or leas un<listurl)ed. The. distance 
moved forward in one revolution at zero 
thrud M defined as the e^rperimental mean 
pitch. The experimental mean jateh is J 
therefore oharaetoristic of the airscrew as a j 
whole rather than of any particular blade 
element. When an airscrew develops a 
thru.st the fonvard advance during one re- 
volution is leas than the experimental mean 
pitch, the slip being measured hy the difference 
between these two quantities. The slip ratio 
is the ratio of the slip to the exjieriniental 
mean pitch. 

^ (2) AiKsniKW TffEOKY. — Airscrew theory 
h«a lH*cn de^elojicd from two standpoints, 
firstly, fnim a consideration of the momentiup ! 
and energy generated in tbn^sliiistream, and. 
•eoondly, from the conce^ion that the per- • 


of air ar> ignored. Fu/. 2 gives a liiagram- 
nmtic rej lichen tat ion of such an airflow for an 
airscrew rot.itiiig at a stationary jutint in a 
uniform wind of velocity V. In the figure 1) 
represents the disc, A and B are sections of 



fio 2. 


the stream well in fron^ of the disc and in 
the wake respectively. The motion of the 
inflowing column of air is, consi<lcre<l to lie 
due to a negative pressure acting over the 

> On the part, played In projiulKlon by dlfferonccii 
of fluid preiwure, R, I?. Froude, Trane. %.ii.A., 1889. 
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front of tho airs<Tew disc, and is such that 
tho total head is conutant alonj^ any atroani- 
liiu*. At tho airscrew disc the ])reH.sure head 
is increased, and as the arr INjwh out it contracts 
until the |>i^‘Hsnre is e<{iial to that trf tho un- 
dinturhed air (/>„). 'I'he total head in the air 
Hiitrouiidiiij' the airstreani jiassin^ through 
the uirMcreu i.s e(|ual to that ol the undisturl>ed 
air, whilst the hoiindarv of the streani is 
eftnsidereil to Iki no shaj)ed th.it the average 
jireHriure acting on it in the a\ial direction is 
eijiial to 

'I'he houndary of the aiistiearn passing 
through the airscrew is therefore a surface 4>f 
dis< ontinuit y. If 

S ac< a of the aiisenov diw, 
f> iiir thMiHity, 

V'( I la) the nilhiw v<lo<‘il\ «)f tli«‘ air iiieanuri4l 
reluliM' (u iiiiil at the aiisercu disc. 

V(1 \ h) lhe\ehMilvat 1 he w ef ion of I he oul tlouiia; 

Ktream of rMiiiiinioti diaiaen-r, iiaasun d 
n lative to th«‘ aitserew, 

then the tlinist may Im' tiit>a.siiied either hy the 
dilTt'rencti of presHUte on fht* two sides of the 
airniTew or hy thi' i.ite of gni.i of momentum 
of the lliiid erossing the disc. Hy equating 
tlie.se two (Xpri's.sioMs, l•'Ioude shows that 
(} '2(1, that IS, a half*of tlu' additional veloi ity 

found at tiu' Miiallest ( ross-seetioii of the 
outflowing stream is given to the air in front 
of the airserew. Moieoier, t’lie thrust is 
iM|uul to the gain of momentum per sisoiul of 
the Iluid hetweeii A and H, 'I'he mass of 
lliiid croHsing the disc 1 ) per second is / SV( I | u) 
and its tot^il gam of \elocity is bW Hence 

T /.SV‘(liu)A. 

We shall now outline a theor\, imtiateii hy 
S. Dr/ewieeki. in which the thrust and torcjue 
of an airsennv aie determined fiom the forces 
acting on the elements of (he blade. Consider 
an airsert'w rotating with a uniform angular 
velocity 12, and at the same time mo\ing 
forward into still air with a uniform axial 
velocity V. If the air at the front of tlie 
airscrew were undisturbed, it enu readily 
bri seen from Fkj. 3 that hy virtue of these 
axial and rotational \eloeities a blade element 
at a radial distance r would 1 h’ moving through 
the nir in the direction OH with a veloeitv 
-t W'hei'e 

,tttn BOA tan «/>„ 

nl 

The air at the front is, howeier, drawn into 
tho airsoix'w, so that the blade moves into 
disturlied air. It is not proposed t«» consider 
tho general, character of this disturbed air ; it 


is sufficient to say that no account will here bo 
taken of pulsations or any irregular rotational 
motions or eddies other than those which are 
common to aerofoil How. We shtfll assume 
that tho interference flow, or disturhume of 
How which atfei'ts tho aerodynamic l)cha\iour 
of the blade clement, has an axial velocity 
coinponeiit a\' and a tangential \elocity com- 
ponent (I'rH. 'I'ho blade element is therefore 
moving with a, v(>lonty \'(1 +u) cosee 0 in 
the direction ()C, where 

t,mA(K'-tan0 ! "V |1 ' "V'*" 

'I’he uir striki's the blade f'loment at an angle 
of iiu ideuee COD, that is (// - ), where fi, 

the lil.ule angle of the section, i-. the angle 
Is'tween the ehoid and a plane at right angles 
to the axis of rotation, and r/> ri'presents tho 
angh' IndwetMi the direction of the relatiio 
wind and a jilane at light angles to tlu* axis 
if rotation. ANsuiniiig that K, and Kj, are 
thi' lift ami drag ((x'llicients at this angle 
of incidence, and the ch<»r(l length anil 
width of tin* Idade ek'nient aie r and dr 
respectu i'ly, the lift on the blade I'Icment 
db / cdr\'-(l f </)-Kf coHcc- 0, anil the drag 
dl) /)cd/V’-(l f n)“K|, coseir 0. 

Jn Fkj, 3 tho lift dL and the drag </J) an^ 
representi'il in magniiudo and diri'itioii hy 



GO and Kt) ri'sjiectivcly, m tluit the resultant 
foix'o on the blade eleiA*?nt is represented in 
magnitude and dire<’tion by FO. The con.- 
piment of this resultant force in the dirot'tion 
n't the fiirw’ard potion is the contribution 
of the blade clement towards the thrust T of 
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the airucTew. If, then, B represcute the 
numU'r of blades, 

cTr /jrrfrV*B( 1 + «)^ cosec* <f> 

’ [Kl cos <p ~ aiu 


so that 


(fr 

ilr 


IX V-li(l f a) 


K, C 08 («/> 4 -)) 
sm-v'>eus 7 


( 1 ) 


where tail 7 (K,,'K,). 

The ediiipoiuiit in the direct i"n of the 
rutationiil motion ^'UC'^ tlic foicc «*pj>oHin|? 
tlie rotatuiii <'f the element, and when 
multiplied by the radul <ll«^t:mee jiives the 
toupie needed to dine the element through 
the air. 
lliMiee 


«/Q r/.eJr\'-(l » u)“ eose<'^ 

{Kj, eos 0 1 K, vin 0), 


where i.} tin* toiijne of the airscrew, ho that 


ili) 

dr 


r, eHV-(l 




hin (0 l 7 ) 
eos 7 Hiu- 0* 




i 

i 

I 


'I’lie thrust and tor(|ue of the airsennv are 
tlien obtained diieitly from integration <»f 
the thiu.st and tonpH' grading curves. The 
representative grading ouive.s of l-'uj. 4 show 
that most of the thrust is de\elope<l and most 



FlO. 4. — Variation of the Thnnt and the Torque, 
along tlio Plade of an \ir«( row wiileti Is alworb- 
ing ‘J31 lip at .1 rotalKHial Hpsetl of lgg'> r p in 
and a forward siwed of 'K) in ji h Tltametcr of 
the fwi)-hladed airscrew- l(lfe<t. Thrust of the 
airscrew •= Ihs 


Tlie alnive exproa&ion shows that the efticiency 
dejHMKU on tlie valut*s of 7, 0, u, and 

It can Im shown that the etlieuncy of a 
blade element has a m».Miuum value when 
0 IS al»oul 45 . Kurtlier, it is obvious that 
the cfliiieii 'y inerx'ases with ileereastvs m .1,0', 
and-;.or;iot '(Kj Kj,)',. tieiierally H}K»aking, 
the value of 0 Iia*. a smaller inthuMieo ou the 
elheieiiev ilmi the 'lerodyimmie etTieieuey 
(K,/Kjj)v)» flu* blade h tioii, so that to obtain 
high propulsive ■ flieietu-v , tlu> lilaile seetions 
must liave good aerod_\namie ellieieiiey. 
When possdile, the angles at tlie wurlviiig part 
of the blade siiotild In* largi‘. 

'I’lie iMuformanee of raeh Made elmneiit 
can only be detiTiniued fiom tlu' expreasioim 
(1) (!i) when th<‘ values of u, 11', ivj . ami ■) aro 
known. tJl.uiert.' in liis ammlv namii- tlu'ory 
of the airst rew . has giv eii a mel hod for ev aluat* 
ing thes(* «|iianti1 les. in this theory the air^ 
Miew dise IS regaiiled as a <lise of jin'ssure 
diseoiitimiity to aeeouiit for thi' thrust, and 
as a vortex slnad imp<irting a disionlimiity 
of rot.itionai vidoi ity t<» ai count for flu* lon|ue, 
hut without an\ direct lullueiue on the radial 
component of the veloeitv. Deliiiing the 
*’ interferc‘Mce flow ” ns the disturhaneo of 
flow at the* airseiew which alTcs ts the aero- 
dynamic bc'havionr of tlie blade (*li>mente, 
(•laucu’t hhovvs b\ an inieresting application 
of the* Lam lic'ster-l'randtl 'J'lu'orv, lirstly, 
that the iiitc'rferc nec- angular veloc ily w 1ialf 
of the* angular outtlow vedoedy. and Kc-eomlly, 
that the* inierfeieiiec* axial vc*loiity is half 
the wake* \c*locitv. Atlc-ntion is also direeded 
to the tact that ■'ime* a ami n' lepresent the 
whole of the* intc i ferc*nc e ex pc'nem oci by the 
Made* element, the* acTofoil eharac't-c'ristic’s 
(K, ami Kj,) must Ik* those eorreHpomling t-o 
inlinite asjKs t ratio. I'heHe values of and 
Kp for thc' iniinite aerofoil can Iki derived 
from b‘sts on uniform reetangular aerofoil 
by thc III' I hod of the* Prandtl Theory.* (loin- 
hining the* ic suits ohlained from eonsidrratioiiH 
c»f imummtum ami from the blade element 
theory, (Ilam-rt shows that a F/(l - K) to the 
first order cd approximation, and also that 
a' (I fa)F tan 0„ tan (0 + 7), where 


of thc tc)rc|ue is exjumded at the outer jiart 1 
of a blade, which is moving at the higher ! 
velocity ; uLo that the maximum values of | 
thrust and torque oc'our at about 0 7 of the 1 
airwrow radius. 1 

The efficiency of working of the blade | 
element I 

_ cos 0 - dD 0] _ V eos (0 4 7) I 

* rli[dD eos 0 + dL sin 0 ] ' ril sin (0 4- 7) I 

tan0 • | 

U+*) tan (0 4 * 7)' 


j, BfK,, cos (0 4-7) 

47rr eos 7 sin* 0 

These equations, taken in conjunction with 
those for the thrust and torque of the blade 
eleraents, are suflieiciit to solve fumripletely 
the problem of the airscrew. 

Important characteristics influencing the 
|>erformance of ay airscrew are pitch, numlior 

‘ An Afr(tdt/namir Thrnrf/ *of the Aimrrew, by 
H. <;iauert. A R.C. (R. and M , No. 7H«) 

* Heo “ Wing Sunaces, Hydrodynainical Theory 
of,” i ( 3 ). . 
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of bladoH, and the ratio of the iriuxiinum blade 
whith to the diarnf'ter. 

Over the usual ranj'e ()f tliese variablea it has 
U'en foimd e\|»enrneiitally that tho maxiiiiuin 
efliei('U<‘y of an airsi r(!W increaM*^ with the 
(jit( h and rlerreases with all nu reaHo of c'ither 
thomimlKTof l^lades or the bladi' width. For 
airMcrews of ( oiiHtant [il.in ana and eonataiit 
piU'h tlu" efficieiwy ilecreanoH alij'litly with an 
increaMc^ of the nnnil«'r of bhuloH or a deereano 
of blade width. 

It is n(»w' eoinnion pijnitiee to dcHign air- 
aerewH of eonstnnt geometrical pitch, no that 
the under-Kurfacie of each blade forms a true 
helicoid ; this favours a good all round per- 
formance. 'I'o (diminate as far as possible any 
tc'udency of a blade to twist under hwid, the 
outer blade sections are r)eeasionally arrangc'd 
with tho middle points (tf tlu' chords on a 
straight lino normal t(» tho avis of rotation, 
illades tapc'ring in j)lan form are usually 
favoured, because for tho same |M‘rformanee 
Hindi an airscrew must have a largi'r diameter 
than one with broad blade tips, and so the 
inflow velocity causing blade int<‘ib*rem-<* is 
Ninaller; alsc* the region of high slipstream 
velocity is f irtlicr from tlu^ body, so that the 
body interfcn'iice is smaller. 

An aii'screw with fixed blades can bo de- 
nigned for only one delinito set of working 
conditions, ami when^rim under different con- 
ditiAns will be h'ss eflicicmt than an nirsorow 
deHigni'd sjieeially for these cc nditions. On 
tho other hand, tlu' performanc • Hf a vaiiahlo- 
piteh airscTow is tho oiivehtiR" of tho {mu'- 
formaiieos of airscrews designed for speeial 
purposevs, and so favours at all flight specsls a 
good ovor-all oflicu'iiey of the eombiiiation of 
ongiiio and airscTinv. It has lu^n shown c\- 
porirnontally that the efiiciencv of a variablo- 
pitoh airscrew oblainod by rotating tbo blades 
of an airscrew of medium pitch ecunpanNs 
favourably with that of the < orresponding 
Horii'H of airscievvs of constant geometrical 
pitcdi. 

The pixsaxluig Iheeiy take's no nceount of the 
modiHoation of the jMTformanoe of an air*on'w ibie 
to the prc'soiiee of the aeroplane. From a theoretical 
otAiKlpoint it may Is' I’onsidensl that an cffi'ct of the 
aeroplane is to shiw up the wind in the neighboui- 
hood of the airscrew boss so that to develop at ' 
the same rotational Hpinsl either the name thrust or i 
tho name torque, tho forvvanl spcxsl of the aireerew i 
relative to the undisturbed nir iioeils t<i l>e increased. ' 
Kxj>onraental evidence shows, however, tliat the 
inU'rfcn'nee»pfTet't is not entirely of a " slowmg-up ” 
nature, sini'c the same increase of forwnrvl speed is j 
not sufficient, to maintam ecHistant both the thnist ' 
and torque. If at the satne valitbs of the thnist and , 
the rotational speed a oompansen fie made between i 
Ui© perfonnanee of the airscrew with and without j 
the aeroplane mterfereneo, it follows that in the , 
former ease the airscrew is doiilg nion* useful work, 
although thCf’noreaAo of offieicitoy is not as large as ' 


I would bo expected from tho increase of forw'urd speed, 

! because, owing to an increase of torque, the horse- 
' power absorb<-d is also greater. An analysis of tho 
data of several experiments made to r^josure the 
j tn.igiiitiide of the interference efb-et of an ^roplano 
on the pi-rformanee of an airsen-w shows that at any 
forward sfH*ed the preseiu e of the aerophinc inoreoses 
ls»th the thrust and the enieiency and rtsluccs the 
rotational HjH>i>d of the airscTew. Also the extra 
re.«staneo of the b(«Iy due to tlie airflow around the 
air-wTcw IS greater than the increase of thrust of tho 
airscrew due to the interferenee of I he body, so that 
the mutual interference of the airscrew and the 
lusly adversely alTeeU the overall elbeiency of the 
out ire aeropi im*. 

'I'he j*ns*'<lmg theory dfs-s not take into eon- 
hideratioii any d< formation of the blade under load, 
vvim li IS probably llic prau'ipal cause of any dis-‘ 
ereparicy between the estimated and practical per 
formances of an uirserew. It Hhould also be homo 
III mind that, m view of the limibitiunM imjiosed by 
{iractieal eoiisiderations, the design of an airscrew 
H not exclusively an aerodynamic problem. 

§ (.*1) TuK .\lKKI,OW' AHin'M) VS AlHSCUEW. — 
It IS now pioposed toeoiiHidcr the nature of tho 
iiiHluw' around un lurHerew, I’lixtly, vve Hhall 
eon.Hidi'r the How of the air at the front of the 
lUrHcrew, then vvliat is oemirnrig at tlu' aiiserew 
(Use, and finally the flow of th(‘ air after leav ing 
tho airscrew. Ne.irly all the jiresmit know leilge 
of tho airilovv around .in aiiMrevv, and also 
what IS taking place at the aiixiTevv blades, 
li.is been obtained iliieetly fiom exfienniental 
researclies. It is, bowevir, a matter of somo 
didieulty to measiiie with great aeciiraey in 
the legion suriounding an aitscrew isther the 
velocity or the jirossuris since both are vaiymg 
continuously from jioint to jxunt. It baa 
^ already been mentioned that when an aiixcrow 
I is developing a thrust the air at the front is 
j diMturbed m such a manner that it is drawn 
I into the front, or, in other wonls, the velocity 
of the aiixv'rew relative to the air immediately 
' in front is givatcr than that measured relative 
to the undisturlied air. At any instant, the 
tot.d axial inflow velocitv , that is, the differenco 
between tho instantaneous a.xial v^ehxity and 
the velocity of the undisturlied air, is not 
uniform, hut dp(H'nds on the p<\sitiou relative 
to the blades. Also, at any point fixed relative 
to the plane of rotation, the total axial inHow 
velocity varies iierioilically from a maximum 
somewhere in the neighbourhood of a blade 
to a minimum somewhere between two con- 
secutive lilader It has been found experi- 
mentally tliat tbo total head, that is, the sum 
of the velocity and pressure heads, has a 
constant value at all points of the inflowing 
stream, so that as the air advances tow’ards 
the airscrew disc, the pi%gre8sive increase of 
veloeity head is accompanied by an equal 
decrease of pressure head. In addition to the 
axial motion, the inflowing air has a radial 
velocity, often cd appreciable magnitude. 
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When pa8«ing through the airscrew the tiir 
receives a large incn^ase of prosaure hcAtl 
an<l some small inrrcaa** of velocity head. It 
ia, of eoiA>»o, obvious that if we knew the dis- 
tnbiitions of pressure and of velocity, the thrust 
of the aii'serew could Ik* estimated from the 
sum of (u) the integral of the pressim* differ- 
01101 * 8 , and {h) the change of the axial momen- 
tum of the air in piissing from the front plane 
to the back plane of the airscrew, these two 
planes being taken as elos<< to the uii’serc'W' 
os possible. Unfortunately, it is didicult 
to measure with good ac'curaoy either the 
prf'ssure <ir the veha ity. Measurc'ment.s of 
total head can, however, Ik* easily made, and 
it has been found ^ that ovi'r the ordinaiy 
working rang!* of an airscrew’ the total thrust 
may be (‘stmiated with g<M)d a< curacy from 
the rlistribntion of total head meusuie<i 
immediately behind the airscrew ; the total 
head of tin* mtlowing stream being taken as 
tlatnm. d'he aeciiracy of this inethoil of 
rneasiirnig the tbru«t is due csw'ntially to the 
far t that tbeie is little « hange of velocity of 
the air when passing through the airecrew. 
With the airscrew rot^iting at a stationary 
point thi.s method of rneasiinng the thrust is 
not so reliable. Some idea of the nature of 
the airflow around an airsi-rew’ blade may be 
giithered fir)m an analysis of the distribution 
of jiti's-siiie ovei the blade surface. Such an 
investigation li.is been made bv Kage and 
Howard * at the Xational Physical J^aboratory. 
It is, of couisc, impossible to describe tins in- 
ve.stjgal ion in any dehul. I’lio experiments w'crc 
made with a model airscrew of diameter 11 9 ft. 
mounted in a 7 ft. wind channel in front 


eonditfona of the airscrew the dietributiona 
of pressure over a blailo element sitiiateil at 



KlO. 6 — rrcRsiin* liistritiutioi. f>\< r a Uladi- Vdi’mcnt, 
Section at r-'-OT.'dt Onliimlch air- picssiney In 
IJw jMT s«i It \r<a of eat h Duurc Im proportional 
to the force noriiial to the i lioril. 


a radial distance r (1-7511. By compiirisoTm 
with the pressure diatrihution over eorre- 
Hponding aerofoils, it was found that the 



Flo ft. — Pressure Distribution over a BUwfe Element .Section at r—0 75H. OnlinaU-s are iircssures In lbs. 
per sq It. Area of each figure la proportional to the forte parallel to the chord. 


of a cylindrical body of diameter M ft. 
The diagrams of Figa. 5 and 6, which arc 
fairly representative, show at several working 

‘ On tAr Method qf Enlimatxng from ObaemUion, 
on the Slip fkretnm of <in Airfereic, the Performance 
of the ElemcfUa of the Imtdea, and the Total Throat 
fif, an Airarreic, T. E. Stanton and D. Marshall, 
Auvlsory Committee for Aertmantlcs, 1918. 

* Am Inreeiigaiion of the DiMnbutionof Preaaurenrtx 
the Entire Surfare of an Atracrew Blade, by A, Fa|^ 
and B. (1. Howard, Aeronautical Research Committee, 
June 1920. 


general shape characteristics of each of these 
pressure diagrams are very similar to those 
of an aerofoil t>f the same section, * It is of 
interest to note that the thrust of the air- 
screw as calculated from, tho dislftbution of 
pressure over the I^lade surface agree^l W'ithin 
1 or 2 |)er cent with the mea,Htired value, whilst 
the c^lculatcrl torque, which does not take 
into account surfa4fe friction, was alMiiit 80-5 
per cent of the measured value, a With the 



X B Longitudinal <tiatanc9 ofji tra nsu*r s9 
“ Action bemud t te ^/racrew 


u*o ''w /I — — 

Value of radius r(Ft) 

, ♦ 

Fio, 8. — The AIrflovr ftrouml nn Alwcrow. BWrIhntlon of total h^il In the outflowlns stream. 
T <« 10 lb« , V - 18 6 A. 'sec , n - 1 4 8 r.p.s., I) - 3 9 ft. Pat urn total head rcpreacntod by H#. 
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same aireorew, experiments* were alsn made I the outflow inj; fitixvun is stH'n to Ih’ fairly 
to measure the diatrihution of pressure and | constant. From the <lHtH of thest vohaity 
velocity an'und the airsert'w. Tlie curves of ; curves it is a simple inalU'r to calculate the 
Figs. 9, which have been drawn fnuu I shape of tlic boundary surface of a " constant - 

those exiK-'rimental data, may be regarded a« | volume” column, tlnit is, a column mu h that 



I'm 0 -The Airflow around an VIrsrrcw Distribution oi prchHurc in the outflow iii;r stnani 
T -■ 10 lbs , V IS 0 ft /SM“ , a-- 14 S r |» H , D -^fi 0 It Datiiia jaescure rcprcM iited by Pe. 


showing faiily rcpri'seritative distributions of 
t<»tal lu'.id, velocity, and prossutc in the out- 
(lowiiig stieam 

It IS s('cn that at any cros.4-scctnm of the ^ 
(UitHowmg stream, which is sitnate<l within j 
ord) foun the airscrew, the velocity distnhii- ; 
tion is fairlv uniform, except near the ho<ly 
and the lioundary, w here the velocity gradients 
are very pronounced. Also these curves, Diken 


a constant voluim* of air Hows in unit time 
through an\ eross set lioifl 'I'lu' shapes of the 
j generatmu lines of the houndary suifacc'S of 
stieh ” ctinstant-voliimc ” eolumns are slmun 
in Fig. 10, wf.cn* it will lx* notuttl that the 
columns have an outward bulge in the lu'igh- 
hourhood of (In* ctige of the body, and also a 
pronounct'il mwaid bulge at tin* jiciijilicry of 
the blade tips, winch is probably a region of 


Channel Wall 



FlO. 10 — The Alrtlow around an Airscrew. Diaeram Hhowina the iioun<iary lines of columns which are 
such that with any one column a constant \olunie ot air Hows in unit time througli any erosn-section 
T-^'IO lbs., V-18 fl ft./sc-c,, n«14 8 r.p « , D**-:! U ft. 


in sequence, show that the average velocity 
of the air in the outflowing stream first 
increases rather rapidly to a maximum and 
then slowly decreases as the stream f>pens out. 
Also the velocity of the stream surrounding 
# 

An Experimental I ive^iffatum of the Nature of 
iM Airfloir around an Airnrrere in order to determine 
the Extent to trhieh the Airflow ax/nimed in the Mtnnei^ 
turn Theory of Fronde i» realised tn Prartwe, a. 
Faae and It. t». Hownr«l, Advlory Committee tor 
Aeronautics, Id 19. 


I vortex motion. The thick line of this diagram 
I represents the boundary of the outflowing 
J stream as meosurt'd from the total ^cad cx- 
j periments. Actually, the boundary of the 
i outflowing stream is not a line butli sleeve of 
1 eddying motions, %nd so is tw>mcwhat difficult 
' t«> hmate accurately. It is s<gin that up to tlie 
! section <if minimum diameter, the area of 
j which will vary wflh the thrust, the volume 
I of air flowing thnJUgh any cross-^oction of 
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the outflowing fttream ia more or leas con- [ 
atfint, but iK'yond Hum section the outflowing . 
stream widens c<jnsi(lerably na more and 
more air is dniggcfl on by the discharged 
stream. 

In addition to the axial motion, the dis- 
charged air has a general rotational motion 
in the same direction as the airscrew, and also | 
the inevitable irregular motions or eddies, Aa J 
would be ex fleeted, owing to tlie intermittent j 
action of the blades, lioth the tranalational ! 
and rotational velocities with >/huh the air j 
IS (liseharged are not uniform, hut |)eno<Iie m 
magnitude, (hmerally sjnaking, tin* Htruciure 
of the outflowing strisim --where the air dis- 
charged from a blade element iniermiiigles 
with that of the neighhouring annuli (olumns 
— is analogous to the twested strands of a 
rope. 

The curves of Fii/. H show the diatnhution 
of total head at tiu' several sections of tlie out- 
flowing stream, whi'ii the datum total head is 
ineasuied at a fioint sullieiently far in front of 
the airseis'w to he without the disturham-e due 
to the woiUing of the airscrew'. As m<>ntione<l 
elsewh<M'(‘, it was found that tlu' integral, taken 
over tlm airsi'rew disc, of tlu' ditTcrence between 
th<' total head at points in two planes as close 
to the diso us convenient, one in front and 
one lK‘hin<i, is equal to the thrust of the air- 
tK'r^iw. 'I'he curves of distiihiit ion of pressure - 
Fuj. 0 — show' that ns tlie air flows outward, 
the pressure falls rather rapidl>^ut tlnst, and 
then hecouK's more or leas of Oiinslant magni- 
tude lioyoiul the se(!ti^n of minimum iliameter 
The pressure gnwliint^ at the body, and 
specially at the lioiimlary of tlu* «mtth)Wing 
stream, are fairly pronounced. 

In [iraetiee, the close proximity of the 
aeroplane will modify the airflow around the 
airscrew. VVdth the jiresent method of design 
some part of the tail is usually within the 
outtlowing stri'am, so that both the stability 
and the eontrollabilitv of an a<^iroplano will 
iloiHuul on the an flow' aroiimi the airscrew. 
With a single-engine tractor aeivplane the 
outflowing stream is divided by the wings and 
boily into three jmrts, one part being lioneHth 
the lower wing. As each part of the outflow’ing 
stream moves away from the airscrew disc it 
has a general deflation in the direction of 
rotation. Also, the outflowing stream as a 
whole is deflooted by the downw’ash from the 
wings and the general attitude of the aeroplane 
relative ^ undisturbed air. 

§ (4) Disoussiion of the Perform.\nof. Data 
OF A Rkp|ieskntativb Airscrew. — T he pre- 
sent article would Jl>e incomplete without a 
consideration of the perfopmanco of a repro- 
•entative airsercM'. Standard methods of 
measuring the performance; of a model airscrew 
are deseribei! in Vol. I,^ universal nieth^id 

* See “ iJ) uamoraoters " (.\lrscrew), | (7), Vol. I. 


of presenting the performance data of an air- 
screw is in tenns of the quantities 

UO'CX)'©.-^. 

where V~the forward spoe<l of tlie airscrew in 
ft. /see. 

DEitho diameUT of the nirserew. 
n: the rotational speed m r.p.s. 

'I' rthe thrust ui iljs. 

Q the torque i.i Ibfl.-ft. 
p the density of the air in slugs per cubic 
ft (At a temp, of ir)-r»‘' C. and 
pres 7tM) mrn. /) - 0-(l02.'n slug jkt 
' cul)ie ft ) 

and 7) :the eflicMeney - useful work done/total 
' work supplied -- (V'T/27rQ/i). 

i 

1 Ah show n clsewliere. tbe forces on an aerofoil 
d<‘pcnd on its area, Iho square of its s[)ccd 
I relative to the air, and the density of the air. 
In the ease of an airscrew fonsideied as com- 
posed of a number of aerofoils the aiea varies 
as 1)*, whilst the speed lelative to the air 
at any point depeiuls on the forward velocity 
I \ , and the velocity due to the rotation which 
\arn*s aa nl). So long, then, a.s \'//il) is con- 
stant the Hijuaiv of the speed relative to the air 
I i.s proportional to Tlie foiees on the 

Hirsetew con.sist of a thrust paiallel to the 
direction of advance and a tangential force at 
; light angle.s to this; the arm at which this 
latter foieo nets is propoillonal to 1). These 
I force.s .are pnqiortional to the square of the 
s|)e(Ml measured by and the area of the 
I |>ro}K'ller which vanes as D“; thu.s we have 
! for the thrust and t(^r((ne respectively the 
ex.pre.s.sions 

j 

I = hpnny, 

I Q 

; - 

I where Iq and are luiincrieal eoefficienta 
i which have the same values for any system 
I of consistent units. 

I But this is only true so long a.s V/»D is 
I constant. Thus we have also V-it„nD, 

! The oeeffifientH tf and tg deptmd on the angle of 
1 attack a and the ratio V/hD, which has been 
! asMumed to be constant ; they may he expressed as 
functions of these quantities in the form ^(a. V/nD) 
and x(®’ V/nD) For a fuller discussion reference 
should be made to the article “Aircraft, Perform- 
ance of,” (4) and (6). 

Henee the quantities 

(©)' (pnM>»)’ (nl)>)’ 

* 

which are equal Hb Jt„ and 1 '^ respectively, 
form a si*rtes of non-diinensioDal coefficients 
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in terms of which the petformance can be ex- 
pressed. The above assumes (i.) that the 
nirserew is not distorted by the motion, and 
(ii ) tliat ifs top sj>eed does not appimoh the 
velocity of sound. 

With thesn non-dimensional coefficients,* it 
follows that V, u, T, Q, and p can be measured 
in any system of consistent units. 

Thu curves of Fig. II completely define the 
|)erformaneu of a rejiresentativo aii-screw of 



which the ordm.irv workin^^ ran^e is from 
(\',7il)) -0 t to (V'/«l)) -0 (}. It will there 
b<‘ seen (hat the thru.**! coefllcient Ini'* its 
maxnmim value when th(‘ airscrew rotates 
at a stationaiy point, and a /.ero value when 
(V /i D) - 0 82, in winch casi* the forward 
advance jiei revolution is ecpial to the experi- 
iiHTital mean pitch. With an increase from 
the zero v.due of (\'/hI)) the tonjuc coefficient 
at first mcrcasi's very slij^htly and afterw'anls 
decreas«‘s \crv rapidly. The hump in the 
toiijiie curve would probably be more pro- 
nounced in the case of an airscrew with larger 
blade angh'.s. Oliviou.sly the airscrew' has 
zero efficiency wlien (\7nD)=0, sinco V 
and also when (V'/alJ) =0-82, in which case 
T »=0. From the iliagram it wall be seen that 
at any value of (V7nn) the airscrew has only 
one value of ellieiency. The maximum 
effieieney is 72 0 jier cent, and occurs when 
(V/w I)) -=() (M). From experiments made with 
a mrulol of this airscrew it was found that 
at any value of (V/raT.)) both the thrust 
and the torque wens each proportional t<» 
either the square of the rotational sfieed or 
the square of the translational speed. Alm>, 
with the airscrew rotating at a stationary 
p<iint, l>oth the thrust and the torque were 
each proportional to the square of the 
mt-ational 8]>ee<l. 

It can be easily sl^wn from the data of 
th^sc cun'es that if the rotational speed be 
mamtained constant an increase of forward 
speed will bo accompanied with a decrease* 

* flee “ Dynamical Similarity, Principles of,” Vol. I. 
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of thrust; also, if the thrust bo inaintaineii 
at a eomstant value, an inerejise of forward 
spec-d is aeconqiauieil with an incrt'a.se of 
torque. 

In practice, the jiciformanoe of an airsin'w 
de|Mm<'s on the ch-ii u tonsties of both the 
enuino and the aci'iplane. With the engine 
i A\orkmg all-out the aircrew develops its 
i luaMuium thiobt when he lU'roplane is held 
lived oil the ucoickI ; wiili aii mcreasi' ( f 
; forward speed tin llirubt decrease's, and the 
rotational sjHsni incivasiH Although the 
thrust at ehmbing is greater than (hat at a 
higher foiwanl specsl, the thnist horw'-power 
IS smaller, firstly, l«‘cuus«> of the loss of 
effieieney of the airsciv'w , and sc'comlly, because 
of the (Irop of H.ll.l*. rlue to the slowiiig-iip 
of the engine. When desigmug an aii'sciew 
line cousideiatitm should 1 h‘ gi\cn to the 
ehaiactcnstu.s of lioth the engine on which 
it is mounted and the ncrojilaiic it is (<» dn\e. 

; 'riiUH, with a sa'out iiifuiune which has to lly 
foi long |)eiiod.s at its maMmum sp(*e<l. the 
best pofcsible combination of cugiiio, uirscicw, 
and aeroplane would be that with which tlie 
cngiiK* ga\e its maviuiiim lior.se-powcr anil 
the aimrew its maximum efiif'icni’V »t the 
maximum (light spi'eil of the aeiojilano. On 
the other haiul, if i limbing were the fiist 
('s.s('iitial, th(‘ engine sbould givi' its inaxiniuni 
borsi'-power and the airsirew its ma.ximi|ni 
' efficiency at the dinihing speed of the aero- 
plane. T^suully a coinjironuse is made so 
that the maxitmiin horse*- power of the engine 
anil the maximum (‘fficiency of the airscrew 
are devehqa'd at a forward spissl somewhere 
I mtermedi.itT* hetwei n the liimhing sfieiHi and 
I the niaxiiiiurn flight sjiecd. In siu h a enst< 
an endeavour would he madi* to make the 
efiieiency and horsc-jsiwer curves as fiat as 
possible, K«) that the efficiimey of the airsirow 
and the hor.si*-[>ower of the engine, both at 
climbing and at the maximum spen'd, an* not 
greatly dilTereut from their maximum values. 

I A. F. 

Aiiwhip Fabkic, Dhtfuuoration ok, and its 
; Frkvention. See “ Airshiji Fabrics,” § (4). 

j AlRSHir FARRirS 

1 I. Tensile Propertie.s 

! §(1) Non RioiD Knvelope FADRir.s. — Tension 

I in the fabric is due to the internal ^iressuro 
(about 30 mm. of w'aterl which is maintained 
in the envelope in order to preserve ^ts shape, 

I and at certain poiqts there is, in addition, a 
tension induced by the riggiq^. 

The fabrics are of cotton and are built up 
I with intermediate InVers of rubber from cloths 

! • t 

' • flee “ Aireraft, Performance of. 
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(in tlio caH© «>( liritiHh airHhips) from 
th<i wtan<l!U<lH ; 


Quality 

Wt. (Jia /\I * 

Tensile Strength, 
Km M. 

A . 

l.'iO 

12on 

H . 

III) 

IHHI 

K.X . . 1 

{>u 

1)00 

C . . 1 

81) 

800 

1) . 1 

or> 

O.'K) 


Tiit>y ar<! noarly Kioiiticiil in H[)(*<‘i}ic Htrenj^tii, 
all huvinp; a Inmkin^ Icnirth <>f KMKK) motroH. 
Tho «tron^th« statcwl am HfXH-iHid minima fur 
\varj) and weft in the “ ^'n-v ’* state. 

Sin^Ie-|)!y fahrics are not nseil in (mvelofie 
eonstruef ion laix'-ly on account of the lo.sa of 
Htren^tli from small loc.il defects, 'rwo-ply 
fahrieismost usual, and three ply is used wficre 
exceptionally heavy stresw^ are involv<<<l. 
'I’w'd- t)r three-ply faluics may he |>arallel 
nr more usually <liai'omdly d<»uf>led In the 


1. 



St met me (tf 
l'’nl)rl(’ 

Dlrci tUm. 

r 

Kilos 'Metie 

A(l)). . 

Warp 

l.-iOO 

JMC) . 

Warp 

i III HI 

y(c). . j 

WUri. 

Weft 

iih:i 

I2:u 

C(f) . .j 

Warp 

Weft 

102.') 

• 0.12 

I>(1)) .j 

W'arp 

Weft 

712 

707 

j 

Warp 

Weft 

KMN) i 

IIKH) 1 

CCpanvllel j | 

W arp 

Weft 

no.") 1 

l.'.H0 1 


a diagonally doubled fabric is that at which 
the straight ply breaks down. 

T - strength of the comjKmndJfabric. 
f, and "Strengths of straight and bias plies 
separately. 

Numerals in brackets denote values not 
experimentally determined but assumed from 
the 8f)oeifieation of the cloth. The values 
given are typi<;al ones, but no general formula 
applicable to all <liagonyl fabnes can be 
deduced from them. 

In columriH <> and 7 the mean value of /j 
for warp and weft is used. 

If the numbers m columns 6 and 7 bo com- 
{lared it will bo seen that there is a variable 
difterence bt'tween them, thi.s being minted 
to the support in sinijile tension given to the 
straight ply by the hiassi'd. The sim[)lo 
tensile test <»n a bias doiihhsl fabiie is, of eoiir.se, 
a very unreal one, hearing no iclatir)n to the 
conditions nf .sto'ss obtaining m practice. It 
IS ii.si'ful, however, as a nuigh guide. 


•( 

f, 

0 

7. 

t, 


T 

b 

os /Metre 

Kll(•^ ',M('tr<‘ 

b i fi 

/. • b 

(l2.-i0) 

(0.10) 

82 

00 

(IKH)) 

(880) 

00 

50 

O.HO 

020 

■7.1 

02 

1080 

.180 

7.1 

04 

H(H) 

Ht4 

ot 

50 

tM,1 

7.1.1 

o» 

•4.1 

(i:ir, 

.1.1.1 

«H) 

.10 

.'•02 

4o:t 

.18 

.1.1 

02.1 

8.12 : 

00 

•4.1 

0.1.-> 

1 HiH) 

! 00 

4.1 

(8tH>) 

(8<H)) 

, 1 (H) 

•5 

(800) 

1 (HIH)) 

1 00 

•5 


latter iM.se one ply, the lighti'r if tlie plies are 
um’(|ual, IS laid with its yarns at d.l' to those 
of the straight ply. In thi.s lase the diagonal 
ply confers the valuable property of greatly 
iiiereaseil resistance to buistiug and to tearing 
when the stressed fabrie is wounded. 

§ (2) l)KT\ii,Kn Tk.sts. FiXpcrinnmt on 
these two types of two- and three-ply fabrie 
has htHMi tUreeted to tlie following p<unt.s : 

(i.) 'riu* relation of the simple tensile 
strt'iigths of coinpoimd fahries to those of 
their eomponents. 

(ii.) The strength of wounded fabrics. 

(iii.) The relation between Hini])le tensile 
test an<4 various fiirnia of compound stress 
Uwt, including bursting, for unwaiundcd and 
wounded fabrics of different ty|> 08 . 

(iv.) The effwt of sustained load. 

(i.) Tensile Tesis. — The* above table gives 
the results of simple tensile tests on a number 
of two-ply fabrics mad^ from the cottons 
specified above. The letters in brackets 
denote dfhgonal ply. The breaking load for ' 


(ii.) W'onmfnl Fnhrirs. - 'Die teai mg strength 
• »f a woundeii fabiic m simph' ti'usion is defined 
as the quotient 

I/wd to jirodiiee tearing 
Width of fi st piece 

It has bi'on shown that for a given fabric 
it IS determined by the size of the wound and 
Ks indejiendent of the dimensions of the test 
piece, provided the latter includes the region 
of non-umfonn stress distnlnition which the 
wound causes, the so-called danger rectangle. 

The important differences, in resjiect nf this 
pnqierty, lietween various fabrics are shown 
m the following results of tearing tests. The 
wounds were straight cuts placed centrally 
at right angles to the cfiroction of stress. The 
test pieces were in mtm cases fi in. wide and 
20 in. effective length. * 

« The column headed bjs gives the ratio 
strength of biaasply/strength of straight ply. 
The low tearing strengths of single ply and 
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j, parallel doubled fabrics are imtowortby. The 
hifjh tearing strength of diagonal fabrics js 
shown and also its increase with inereiise la 
the value the ratio 



Tearing Strength a.H jH'r 

■ 1 


cent of Full Strengtli 

i 

Fabric. 

.. .. 


- 


^ In. 

1 111. 

! 11 It) 

A 1 


(lit 

, rut. 

I ('ut. 

‘ 

l-piy j>roohHi (’ 

40 

22 

' 19 

1 

('(' jmrullel 

:ti 

2i 

18 

• j 

2- ply parallel j 
(mil a blaiuJ.inl 

41 

27 

: 

1 22 

j 

fubrir.) 1 j 

... I 


40 

41 

,79 ; 


<L' 

4.7 


7:1 

IC(() . . . 

T2 

1 M) 

.71 i 

1 o , 

IMH) . . 

70 1 

III) 

o:i ' 

1 7 1 

<■((’)(’ . . j 

.'►0 ; 

:ir, 

' 

.7 

[{<■)<'(«) • I 

HH 1 


i 

! 

(ill.) < 'omjKnttui 

Sh, .. 

r> 

'Pbese 

have 


Ix'cn itiadt* in three pniuip.il uaw. 

(n) Jly att.uhing wciLdits t<t a ('r<>ss.‘*ha|)c<l 
t<‘8( |n('<c the ci'utr.il 8(Hiatc‘ is pl.nfd iiiKh-t i 
conipuuiul stress, \ uri.iltif' .it u ill I’ew results 
are available li\ tins m.'t hod, u Ineh m any « as4« 
has se\er<il drauhinhs, notahU that enhainiMl 
stU'Hses i-Mst near the eonieis of the l«‘st * 
wjuaie, .HO that the stress at the iinddh of the j 
H(|uar(' IS ditTerent by an unknown amount 
from that e.ilenlated as the <|uofient of the 
load hy the widMi. A par.dlel donhhsl fahiie 
thus t^'sted for l<>aiin^ strength give* n'sults 
clos4' to thos(> obtained by fear nig in .simple 
ten.Hion (Jlooth, J ('.A May lull, 

T, iin. 

(/>) ('vlmdi'rs <if fabric in. diaineti'f ami 
.‘loin long with met.il imd pl iles wok* . subjis tid 
to air pressure ishieli sets u|) a f irmi inferential 
and a longitudinal tension, the latter being 
further im reased In loading the (nlinder hehl 
liotween the grip.s of an A\er\ tc simg maehim’. 

Jn other te.sts, eylindcrs of approximat<'ly 
this size were subjected t<i bursting pressure 
but without additi«>na1 longitudinal ten.sion. 
By the.se two kinds of bursting t<'stH with 
small cylinders the values found for the ratio 

'J’ensile strength hy bursting 
Simple tensile strength 

were 1*4 to 1-0 for various diagonally douhle<l 
fabrics, 0 0 to 100 for jiarallel doubled, and 
about 0 7 for .single ply. 

(e) Bursting tests on larger models. 
Avorio {quoted in A.C.A. Report, 191.3-14, 
p. 434) U‘ste<l a \anetv of two-ply diagonal 
and parallel fabrics in^he form of cylinders 
wifb homi.sphenral ends. 

Up to 10 metre diameter decrease in burst- 4 
ing stress accompanied increwe of tliaraeter. j 
From 1*0 m. to 3-4 m., the largest cylinder < 


i iesUsj, there was no further decTWuse. From 
] the rniiiiniuin ri'siilts the ratio bursting stress to 
I ultimate Hiiiqiie ti^isile .stix'ss was found to be 
! 0 03 and LOO for p.ir.vilcl ami ihagoual two- 
ply f.ihru’s u\HfHHti\cly. 'J‘o what extent the 
j dii+etvp,uiey Isdween lliest' figures and tlu>sc in 
, ( 6 ) IS ai eounO «i f 'r by 1 1 *• neale elliH't m<h*iuh 
doubtful in Mew of flic esults obtauuxj in 
; biu'sting test-s on In gt‘ iinKlel envelojics (st'>e 
i suoi eiding .Ms lionf. 

I (</) Molt* ix“cently in this count ry te.sts on 
di.igonal and paralk*! two-ply fabrics have 
lns,‘ii made, u.sing a model llO ft. l«>iig, of the 
eii\elopr tif tlu‘ SS 1 \ pe of noii-iignl airship. 
Coiiiplefe gores of the fubiie under t«*st weiv 
lliMUted bv iiieuiiH of '^tiiek sj'aiii.s in an 
i*nvelojM‘ m ide of strung three-ply fubrn*. 
.McaHuieim-iil-f of < ireiimfeunn e at biir.st .ind of 
buisting pres^me w«'r(“ m.id(\ usim: in turn gor«*a 
<*f the diifereiit f.ibiK'.s named both w bob- and 
vaiiou.sly wounde<l at the ma\imnm <liamet(>r. 
'I’lieu* w<'H' no tians\eise wmiii.s and the weft 
yams took the < iieiinifmeiit nil t^-ii'-ion. Iot 
eoinp.inson with tliew* lesultH Mm|ib- teiisilo 
tests on wl.i»h' .ind woimdecl piei (>s Were made 
m the weft diieelion of flu* same Ibn’c f.ibiK«. 
’I’lu' res’dts m kilouijiiiimes inetre are given 
in the follow mg table, 

Tj, - laiiNting HtrcHK. 


T, hi 

.ikile; 

strcHs II) .iiii; 

)I<* t( IlHioll. 

^ I a brie 1 

No 

7\ • nn< 

' Uii 
' I'oic 

1 !>> 
Ible 

■} In 
Slit 


'Pi, 

K.I.4M /M.in 



('(< ) . . 

1110 

1 11.7 

1007 

82.7 

1{(I>) . ■ 

i.too 

lOOf ; 

920 


i.V p.irall(l 

1 190 

.71:1 

19.7 

.'140 

j 

Tt 

Kllov/M, |,r 



f'«’) - . 

990 

; 707 

0.70 

020 

'»(!>). - 

1140 

I 71.) 

(lOl 

020 


1 2W 

00-1 

.TlX) j 

429 

!('((■) . . ; 

H it.O T,,;T,. 




I 11 

1 .7H ' 

1 .7.7 

1 .‘13 

H(l)). - 

1 20 

1 40 

1 9H 


Cr iMirollcl 

•90 

, K.7 

•87 

•80 


These lesiilts show the superioiity of the 
diagonal fabrics fiver the parallel, and the 
misleafling inflications of 8im|)le tensile tests. 
These thre<* fabnes wi-re <»f aliimst nlentieal 
weiglit, viz. alwuit 3.'>0 grn m.*, al)<)ut 180 
f>t which was cotton. 'Phe strength figures 
as they stand arc therefore proportional to 
siiecifio strength. The symmetrical fabric 
f (C) has a slight fwjierifinty over the B (D) 
ff)r small wounds but there «i8 an indication 
that with larger onf« this would lie hjgt. It 
will be ol>8erve<l that these results stand 
between Avorio's (s^ (iii.) (c)) afld those 
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quoted ill (iii.) (a) and (6). Few, if any, 

coijiparativr Imrhtiug ami tennilft Ii-mU He<*in 
to hav<' lM*en made iti whit h nil the con 
tlitmriH nllccliii}.' Ilut nrndtH have Ihm'H ton- 
trttlh tl 1)1 even ot>Hcivfd, St ah- idTct t, niiinlH'r 
(>f m'aniN, hiirnidity, li‘nifMTaturt‘. and mti* 
of loatliti^ havti all ti< Ui ct»nMiflft«‘d. 'I'hn 
rate <»f li>arliiiu: m vciy iniportant for tlie 

(’om[)ai Htin. la't iiii.'to it liana Very murkeil effect 
till the apiiareiit huakiMji! loatl of two ply 
falititn in ninipln leiisinn. DifTt ieiiei'X of ihi; 
order of lt> [wr cent and *J() ja-r cent foi 
dia> 4 <inal and p.iialh l two-ply fahrie t- 

ivcly may In* foiiinl for lati'H of :i() and lo(t 

llw./in./nnii , the hi^j'hei rate Kivniit thejtieat<r 
uppaicnt nti-en^th. Huratinit ti'^tn piohahly 
ctJirenpond to alow loatliiif^. In the compaia- 
tive tlat.i in tht' alxive tahlen th»' teiiMile tixuiea 
are aUo for alow loadini' loii tht' hi^'hcr rate 
tif iTit) ll)H /in , mill, they would have hct'ii 
It) pi«r et'iit to ‘Jti per cent hmhei anil the intio 
I'h/'I't ‘‘orrcMiiondinjil V tit't len.-tctl 
(iv.) JSuMiiiHnl Lixuh. \ few expciirncntH 
liMve hi'cn nmdt' on the hehaviour of fafuitn 
under HUHtnim'd load. I'lit' results, whieh aie of 
only prihminaiv chaiai ter, exhilut a propertv 
of the matt'iial veiy inipoilaiit m cnM'lope 
coiuitruetion and worth fui tin r .stiitly. 

Itelow art' )j!tven noiiU' icsultn tui plain H 
cotton fiiul on a luynhcr of other faliries. 

* It (siiton. \\' irp tlir's'tion. Nt>r»tuil hreakiiH' 
load tcHft'd Hi T'J jht rent liuiiutlitv aii'l 
ir>o ih(* /ill /null, lit) HiH Ml. ♦ 


1 ).« 1 

IVn.iil III N. ,1)11.1 
llri'MklDlt Ij'iht 

! Him.' t.. Hi .-ill 

III) 

tK) 

1 1 or 2 mH'onds 

111) I 

H.*i 

i A few W'l'onils, 

lOli ! 

MO 

1 8 to I3^umile'i, 
I 1 (o 2 mmrs. 

till ) 

75 


j In conclusion, it should Ik* meritioncrl that 
! the effect of rise of teinjw rature in tonijKirahly 
’ loweriiiur the sticii^th of cotton fabiics does 
riot seem, m \u*w of the use* of Worships in 
tropK al eliinate.s, to ha^e rucncd siiHicient 
attention. I'wo separate parts of this effect 
must Im* diHtinouished, vr/ the puic tcniixira- 
I tore effei t and the ethet I'f lowcied humidity 
of the fahiic. The latter m well lecof.^msc’cl, 
hut It ap(MMis from soli..* te..,ts on two-jily 
! fahni s that ladwcen the temperatures 12° 
and 110' and It) ( ‘»-uliyr.ide there is a deerc'aso 
in strength roiigliK doiihle that UHimlly 
aseiilHsl to the loweied humidity. 'I’he two 
' eftcs lH toL'ethcr aiiount for a tot.il decrc'iiHO 
I at oO of alHuit do pel lint of the .strength 
at 12 (' 

, (II) Kioin .\iusmi’ Fvimns (i.) Outer 
(’ot'ert anti Ou-i-hui/'i. -K\i>eiiinent.il woik on 
these two im|)oitant il.is,si's of f.iliiK' has not 
dealt with then tensile piopeitie.s .so much as 
' with (hell durahility The stiengtii reijmrc- 
nients seem si.uiely to hii\(' hren aiird^'sed. 
'I’he stiengtlis of (he f.ilnirs III a iimd airshiji 
' are md .i measute of the stiength of the 
I ship 'I’lie ns|uiiemen(.s of an outei cover 
m many resjss ts lesemhle those of aero- 
' plane wmg i o\ eimus (.see aiticle "Aeroplane 
Textiles *’). 

I d'he .stressi'.s (o wlmh g.is-h.igs aie expow'd 
are vi'iy mdeteimm.ite, the L’icatest possihly 
being those eoimeeted with the actual handling 
of the h.ig w hen pi u mg and adjusting in 
position III till' .ship. 1 1. is b.ig.s ale nsuallv of 
|) ijualitv (otton (sie ahove). 'I'lie gold- 
heater’s skm whieh seeiires g.i.s - tightiu'sa 
also eoiitiibutes to (he ten.Hile stiength. It 
may also eonsideiahly imjirove ihi* tearing 
strength, hut whether d iloi's so or not 
ih'pi'iids on the mode of its adhe.sion to the 
eotton. 

I The following are tvpie.d (iguies for two 
1 tyjK's of skm lined f.abiic. 




UlokiliK' I 

I I ..n.l 

Kit.'!' /Wi'tri' I 


lit) ivirHlli'l warp ' 
UP liiaasoil Mill p [ 
Siiiglo ply lliU'ti \ I 
(iiO Kill ,‘iii.) / I 


meu 

14M1 

i:uu 


n«.i 

Ktliii I 

M.'tr" 

I'.'Sl 

I'UO 

I'Sl) 


1 Nvt| Ml 

t» , 1 

1 Hifliitliiif 1 ItrtNtli . 

i.<«a 

ll'.V"' j 

.>11 


i>j 

1 " ' 
17 11 

Ml 

1 a : 1 

, — 

1 


Portions of the bmken fabrics re -tested in 

the imliiiarv way had n breaking .stress much 

higher ^han the sustained stix'tw under which 
the fabric broke, and often only very little lower 
than tha^ of the new' material. This liehaviour 
of fabrics under ixintinuiHl loads much lower 
than the usually uccefted breaking load 
clearly iutnuliiies a now' corrective to the 
estimates made of the strength of the fabric 
under working conditions and calls for further 
•xporimAital study, 





T.'i<ri K Str»rii«lli 

Tyiw. 

kll 1* /Mtln- 

. 

f'.r » it) i 1)1 nil 
IXi.i'iitiiK. ol 

■''tu'liKth 


Wurj. of 

I'l.ll..)) 

.'I.H 

W >ri> ,.f 

a|,..>.n 

r*i.i i. 

W ftri> .jf 

W nrj. of 

r«lurie 

1 UulitH'r-stuck 1 
' skin • bmsl 

«70 


40 

65 

[ fabric 1 

1 Glue . ituck j 





I skin - lined 

1 fabric ) 

608 

1 

% 

m 

40 

40 


It may be added that some of the mechaniv'al 
properties of the fabric, e.g. equal extensibility 
of skin and te);:tile under various Conditions, 
are even more important for retention of gas- 
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bnkling [»roperti«» than for maintemuice of 
•trength, 

niBUOGH^PBT 

llrfercnc'^ niay iiuolr lo (Ih' fullowiiiK 

i>y tlie \ilMsory ('oitwullU’O k»r Xeroiwutjii* 

Hrfivrtu (iful SttmuntniUi, 2.1. 2‘J, 37, ISO, 

182 ; ttlM. T 111, 187. anO 1204 

For o| iim( arnl JtH'tlioU U'wmI 

in K'lisik of» (abrif.H net' tiiia DicUouary, artK-b- t 
on " Acropbm* imkh, Faliru-^loi " 1 

II. Detkriouktio.s anu its Prevention 1 

\ 

§ (4) Xo.N RHJii) AM) Kite Balloon j 
Farhics. — 'P hest' are normally of two-ply or 
thrtH'-ply rul>lx,‘r jiroofod cotton. They are 
built up with rubUr lK‘twc<‘n the plu's of 
iMtton One ply is t>ften laid with its yarns I 
dui) 2 on.il to thoHo of the main ph‘*s which take ! 
the direct tension Thi.s diagonal ply d's- i 
tnhiitcs the concentration of stn'.sH whnh | 
would otherwise ans*' at tiie end <»f a cut, j 
an»l by so <loiiig grt'atly inercascM ri'smtanee j 
to I caring (-oc arliclc, “ Aeioplaiie Wings, i 
Fabri* rt foi ■). One layer of ruldicr is , 
usually made lOO gin ,inetie“ to coH'-titute , 
a ga.s-tmht l.iycr : :i(» gm./inetn“* i.s huIVu lent 
for the adh» -^ion of plu's and i-' us<m 1 l>etween ; 
the two ouU-i plies of a three-jily fabrn*. On 
the out'.ide surface tlicre is either eatiuuillage 
colouring or a h}»e( lal niblH-r layer to gi\e 
prot»'iti<ai against weather. 

riie rubls'i piooting ditTcrs somewhat in 
composition with ditTeivnt innkers. 'I'he gas • 
holding layer is noimally at least ll.l per <ent 
hard line Para ruhlKT with fioni 1 to .‘I 
|K-r emit of Hul|)hur and small amounts (»f 
lith.'irge, lime, magnesia, or organic ,siil>- 
stanccH as ai celerators of v ulcani.sation, . 
The-st* re[iieH<Mit average BntLsh piaetne for ^ 
heat ( intsl fabrics. 

In wrviec both the lubls'r and the cotPm 
de<av under the a<*tion of light, heat, and 
tension. The hinner is fiy far the most 
active cause of deterioration. 

The .art ion of light on cellulo.se in the form 
of linen thread Has lieen studied by Aston i 
(-4.C'..'1. JieptfrtK and Memoranda, No. 

The conclusions reachwi, which doubtless apply 
also to cotton, are that visible light lias 
scarcely any effect, the active radiation lying ' 
in the spectral region between about 40tK) i 
and 29.']K) \.IT., ami that the presence of oxygen * 
greatly increaaes the rapidity of attack. The j 
pHslucts of the destructive action of ultra- j 
violet light on c<itton, in the air, have the | 
properties of the oxycellulr^cs ( T)orec and Dyer, ! 
Journ. Society Dyera and CoUnirifft^, Jan. 1917). 

It i» impracticable to protect the cotton from 
oxygen, but it can be more or less completely 
gelded from light. This, however, does not 
complete the preservation of the fabric. 

Rubber is oxidised more or less rapidly )• 
light. The free .sulphur 'vhich the viilcan- 
wed rubber contains oxidises somewhat more 


rapir?!\ still. The acid thus arising is a further 
agent in the destruction of the cotton. 

Heat accilcrates the oxidation of niblier in 
ligfit and «l- > tin* ct>ns<*<|uciil attack of the 
(sulphurh ) ncul on the c<»tton. The action of 
heat on rublnT ]-io«i|ings in the alisenee of 
light IS not niMipaiable with the action of 
light alone, and no judgment of the juohable 
weatht^ring lM'),a\iour < fiibiic can l>e bastnl 
on It. Nor car. tie' iiw . f the mercury vapour 
ultra - \iolt t lamp f* - aitifuml weathenng 
.satisfactorily o'placo actual cxpoMire out of 
d«M»rs, ('otton IS rclBti\el> more, ami ruhlx-r 
mmh less attacked by the ultra-violet lamji 
than 111 the natural weathering test (Barr, 
j.c .4., It. and M. :n:i). 

(I.) Method ttf 7'n»/o/io».- Dyes, both in 
cotton and lubls'i, and vaiioiisly modified 
faiings of rubU r tu- tlo|K‘ t»n tlu ouUt cotton, 
have Ikn'I) ustsl. 

With one cvicption (an ali/arin tried ex- 
]xniinoiitall\ , tw'c Barr, A.t'.A., It. and M. 
did) the d\cs used have proM'd useless, or 
woitK' as fui as Hu* (olt<>n is comenictl. All, 
however, m some degree jirotccUal the ruhls'r 
even when' th<*y did not mm at doing so, as 
in tlie us<‘ of green d\es for gioiind camou- 
tlage in kite balloons. Some dyes used m 
the ruldxT (» <f. Toluene a/o-tolueiic-azo-Jt 
Najihthol) hpeiilnally foi its protection have 
piovcil vcr\ .>.U((cHKful Such ilycd niblv'iw 
show no a]*pr«’ciablc change lu iK‘rmeabifity 
<jr any maiked oxulation as testsaj hy acetone 
extrait aftei^ months of exposuie 'J'hey 
are (h<s poMM-Msing a marked absorjition in 
the ultra-violet Jii spite of this they do not 
protect the cotton. 'I'liis ma> Is' due to the 
fait that they do not jirevent tlie oxidation 
of the frree Hulphur in the riiblnr. 

The protective nihlnT coating that has 
proveil most suicessful is one of r»ri gm./ni.* 
cimtaining H«*me 2(1 jier cent of litliarge and 
3 jH-r cent f sulphur. It has a finishing coat 
of aluminium dust. This proofing is very 
bliu:k and opaijue, said to be due to the 
presence of colloidal lead suli)hide, though the 
actual amount of this substance ia small, 
probably not lU jm-i rent of tbo Leewi being 
present in this form. It is, mortjover, fugitive, 
being oxhiitMal to lead sulphate. In sjiite of 
this it gives goml protection. Tbo aluminium 
finish is valuable as it refle< ts a good deal of 
the light, but at its f)c*st it is insufficient alone. 

The gas-bolding rubber lying between the 
cotton piics is also well protected in this way, 
showing little increaJie in acetone extract 
after months of exposure. The fr<^ sulphur, 
however, does slowly oxidiae, and the acid thus 
formed presumabliy accounts for the slow 
loss in strength of the fabric.* No examination 
seems to have becn^maile of the nature of the 
light, if any, penetrating this type of pro- 
tective coating, • 


VOL, V 


114 


AIRSHIP FINS, EFFICIENCY OF 




Th<' part iti cauMin^ i riiblMT haa Htiflfeuetl or baa iiiHltrated l>etween 

iorti) loll M V fi V iiiiportiiiit, and lU the yama «o ua to glue tbem in position a 

has re-Hultod in HTong I OIK lu^iotiH U-mg ilrawii , muoh lowt-rril leaiini' strength udl result, 
in to tbo coijiso v\lu( fi dn ay of a fabiie will ' and this efieet will In* enhaneed il*the outer 
follow in WIkti rorri punitive weather- ply m the one in direct tensK.n. This may 

ing tests are made on paves of faliin tn UMision ae< oinpany a ijiiite Mutisfaetory tensile strength, 
and iirdo.ided, it is found iliat the ruhta-r in i ^ (.■>) Fahhkh kmi Hiuin Ainsiiips. (i.) 
the ten.-i oned pus es has faileil far niori' than Outtr Corcr/i. - These fahiits and the methods 


in the uriloadisl ones In certain fatuies 
jiait of tlu' ( ailse of this is vei y eitsy to S4*e. 
Am a iCHiilt of stretthing, th<‘ outer protective 
rutiher him loiiyhens and the alunimiuin no 
loiigi-r lies iis a smooth laym hut is easdy 
riihhed olT. Ihielly, lensioii makes the fahiic 
more acis'ssihle to light. Ihohahly, however, 
it acts tn other ways too. Of thiee fal»ncs 
Ucsted in this way one had a very opiupto 
and permanent piotertive layei, the other 
two had relitivi'ly llielTeetlVe piotettloM. 
In all thiee tlu'ie was a maiked rlilleteme 
Ixitvveen the peimeahilitv of the loailed uml 
unloaded pun'es, yet with legaid to stnuigth 
of fahiie (which may he legaided as a rough 
ini'asun' of accessihility to light) tlu' liist was 
praetieallv (''jual to its unloadi'd Mimpiiiison 
piece while tie other two loa<ied fahiies 
were weaker than the unloadisi. 

(ii.) The (U nend roarsc af Ddertorniton . — 
If legaid he paid oidv to exposure tests on 
uuloadisl samples, tlie eonclusion may he 
rt'acluxi (eonlinmg *att« ntion to nvisonuhly 
good fahiies) that llu' luhhtr outlasts the 
ti'xtiles. Expel letice of faliiics m actual 
Morviee points to tlu' opposite e<? eluHioii. 

In the ihvay of tlu' rulduM the early stages 
may he maiked hy a thcuhsl dmp m per- 
nieahiUty followed hy a sudden laige use. 
A ctuisidetahli' and meieasmg acetone extinct 
will he found foi the ruhher as these changes 
uro encountered. Alternatively there may ho 
a small laphl ri.se of pormeal'ilit v e.*rrespiuid- 
ing to the paitial decay -d the outer .uhlaT, 
followed hy a v ei'V slow uss ns the lufiher 
betwi'en the eoftoii. is gi.idually dt.ieked 

Rniadly, what deh^rruiiuvs whieh of tliese 
two courses is followe<l is rapidity or sh'wness 
of attack. 

Jf the protection is had or the gas holding 
rubl)c>r inherently unstable the former courso 
id taJeon. Well protected and relatively stable 
prooh'ngs follow the latter course. 

•Several rases are known, aiul as yet unex- 
plftiunl, when* a very large inoreasi' in jH'r- 
meability, to four or live tinu's the original 
value, iKH'urs with no rtvognisable ohemieal 
change in the nihber. 

It is eloar that the attaek on the cotton is 
from the outside. The actual w'riousnoss of 
the loss of elfectivc strength for a given {>er- 
oemtago weakening of the outer ply depends 
on two things (1) whether the «mter ply is 
straight or biasainl, (2) the meciianieal nature 
of tho m«re or loeis alteVed rubber. If the 


for their preservation are still in an e.xpcTi- 
mental “tig<*. Kaily attempts with Imcn or 
cotton either rnhls*r or oil pmofeil were made. 
Au'tate <lo|X!8 Mimilar to those use<l on aero- 
planes hut having minh less eontrueting 
pow< r were then tnc<l. '['lie eoiiditioiis are, 
however, closely similar to those m an aero- 
plant* wmg, uml the strength of tin* chip’s 
HtnictiiK' IS suIIk lent to allow ordinary aero- 
plant! dopes t«) Is* employed, 'riicy aie used 
in coiijnm tion with the same opafpic pigmi'iit.s 
and aluminium lellcetmg eout that have fven 
foumi stK'et'ssfiil m protecting a< loplane wings. 
'I lie most salisfaelory textile afijieais to Iv a 
mt*ieeii.s<'d ( otioii. 

(ii ) dtui hivt Frihrii'-t As these are pro- 
teetisl hy lhi‘ outer cover falinr, which stops 
all activt' light, tlu* dcteiioration of the textile 
is neghgihli' and tho life of the hag i.-i that of 
the impt rmeahlo skin lining. The prim ijial 
• lidtuKuatmg innuences hero an* ( 1 ) eliangt*s in 
humidity, and pailieiilarly exposure to low 
luimidity, ami (2) heal. 

For the .skin lo ret im the rneehanieul siip- 
[)<»rt. of the light cotton to which it i.s stuck, 
it must loiitimt .Old expand with the textile 
and continue to adhere to d Failure lo do 
this does not netessarily entail porosity in the 
smooth un.stressed fabric, but tho result of 
eteasing or ton.sion when the skin lia-s dried 
and contracted will he to nuitnre the skin. 

1 he skins as applied to the fabric are wet 
with a 5 per cent glycerine solution, the 
glycerine hcl|iing to maintain humidity, and 
therefore pliahihtv, in the skin of the finished 
fabric. Aft.iiiinient of the correct degres* of 
tension m the skin at the time of laying it on 
the cotton is also of great importance 

J. w. \v. D. 

Itnu K'ORvruY 

Vorv little nuhllHlie.l work is available. Tho 
sr.ircinenfs uwile hi the fengorng pamgr.apiis are 
the broad results of exitt'rinieiitil wi»rk e.srried on 
during tho war and rejHirted In conlldentliil omdal 
pafiers. In some form or other .some of this will 
p-otNibly N'come available tlinuigti tlic pnbHrations 
of the now yoronaut’es Ko-svin-h ('oniniittiM'. 

In addition to tho tiaiH'r* alrc.xd.v cited, roforonc© 
itwv lie mavto to the following 
(I) .<4.r.,4,. R. nnii M. d« 4, particularly sections 
(■ and U. 

(ii) Articles In this Dictionary' on '* Aeroplane Wlntts, 
Doping ot " " \eroplune \Vi»igs. Fabrics for," "Dlllu- 
won of Oases through Mcmlrrano.s " 

(3) A frot»iut%rul Journal, July 1021. • 


AiR.Hini’ Fiv.s, EFFiriEN'cv of. See ‘'Airdhips, 
Experiments on,” § (21). 
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AIH.SHII*S. AIUSCKKWS FlJR 
0 ) Okneral. —The d«“Hijrn of an airm rew for 
a jidveh luAraft u govcined primarily l*y the 
thrust maimed and the tiannlational atui 
rotatioiinl sin-eds at whith jt is to he deveh>]»i,‘d. 

It has laa-u shown * that the < oudilums «tf 
working of an aiiM iew may 1 h' detined by the 
billowing undiniensional fac'ti.u's : 



whert' r is tl»*‘ tliruit dovi'lnjusj, 

IS till' toriiiK', 

1) is till' ili'Uiii t< r Ilf till' iiirseri'w, 

ri IS till niitiilsT Ilf n'MiIutiiins |H'r second, 

\ 18 the irue-latioiiul sjn'c'd, 

/I IS till di iiMily Ilf the lur. 
t) Is (lie t(liiuii(\ Ilf wiirkmt; 

Miirf'o\er, the ellii u iu y of work ng, which 
is (\ 'J'^ ^',111 he evj)ie''S(sI as 

l!ir(^'’;i/i -'it' a I) 

and IS thus a fuiKtion of these three factors. 

It has bun f'lund that tlie usietunce of an 
airshiji may he e\})res.sed lus 

U 

where / IS the evihe loot of the displacement of 
the lull! and < ' is a constant uIiho.hI imh'fM ndent 
of V. 

If there he in pro[K'llerH eiu h developing a 
thrust 1’, then 

atT 

80 that dtinotinn {'V by K, 
we have 


lienee, in order to obtain similar condition.s 
of w Hiking (K constant) with similar air- 
acre ws, the total dirti’ area of the airscrews is 
a function of (' and /• ; that is, the disc area 
is determined by the form and size of the 
ship, and is indcfMMidenf of the .s|H‘ed 

Further, yvifh similar airscrx'ws w'orking 
under similar conditions, the cUiciency ij is 
constant, so that, since the horsivjyower varies 
as (1 /tj)KV*D*, the airscrew diameter needed 
to absorb a given horse power incrca.scH with 
deerea«e of forward sikssI. Since the nonnal 
s{»ee<l of an airahip is m general less than that ' 
of an aerojdanc, the alsiy-e relation shows > 
that an airshifi airscrew is larger in diameter | 
than a similar one abs irbiiig the same power 1 
at the same efficiency on an aeroplane. Also, ! 
since similarity' of airscrews and equality of ! 
efficienc}' implies an equal value of V/nD j 
in the two oases, since V/1) is smaller 
f?)r the airship airscreyy' than for that of the j 
aeroplane, n is smaller. It is therefor^ ; 
generally necessary to drive an airship airscrew’ ' 
‘ See article “ Airscrew, The.” i 


I through leduction gearing because its speed 
of lotation is mueli lower than the nonnal 
, re\<dution .sjhhsI of the engine. However, 
' with the iiii uMsed forwarsl sjKHHl now l>cing 
j attained by aii'ship.- fbe ust* of dirtwt-driyen 
j>rojH-llei> (ill eonjimetion with engines 
de''igm 1 to lun at l.»w sjictsls of teyulution) is 
a probable th**e!Hpment. 

In this ’oiiiu tioii It IS to 1 k' note<l that 
fuel tx-iuiomy, and, tlu' efore, aii'serew efli* 
citiuy, is of higb iinpoitanee fot airshipH. 
A modem aiiship eominenees a normal flight 
with a weight of fuel of the ordei of ‘20 lbs. 
jM r hiiise.|Miw* 1 installed ('onsequently, an 
ineiea.se iii airsen-w efbeu iu y of fi pei ('i>nt is 
tsjui\alent to a savmi; of weight of the onler 

■ ot 1 III. jH*r horse-p'iwer. 

§ (2) \\Ki\iiuN oi' AiioscitKyy (’omotionh 
WITH 'I’ll y.NM VI ioNAi. Si’i-KU - Modi'ru rigid 
airships ha\e fiom four to eight engines each 
dnving one airsiiew, and the spiisl is Mined 
by running v.iiiuus iiunds'is of ('ugines at 
or near tinii full powei 'i'lie loss of airseivw 
eflieiem v in\o|\i'd in so doing is min h li’ss 
than the lobs of tlieirnal elluieney which 
Would result from U'din mg the speed of 
leyoiiition of all tix' (UigmeH by tlirottling. 

! ( In the latter ease, ('l /yA’*! and therefon* the 
aiiserew elbeu ney, remains praetieally uii- 
altcK'd.) 

■ In pi.utjie, good etliii^ney is desireil over 
a iang<‘ of foiwaul speeil from full speed to 
about (wo-thiids of full s]>ced. With a 

, del rease of t rarislof loiial spcc<l there is a 
I Hin.dl th crease of lotational s)S‘ed of an air- 
; scH'w <In\en liy an engine wbosi' torque in 
i nc.irly lonstant. so that the lorri-sponding 
I yanition of V/i/I) e\fends from its value at 
full s|M-e<l to about 0 7 of tiu.s value. 

§ (d) V \uiahi.i- Fit< h Aium'HKwh.— T lie use 
of the van.ibh* pitch airscrews on airshijis 
offers seyeral advantages. 

Airseicn s of thin t> pe which have a sufficient 
range of ngular blade movemenl jirovide a 
eonvenieiil means of obtaining the reverse 
thrust yvhu-h an aii'ship sometimes riHjuirea. 
In the case of an airship having ordinary 
eonstaiit pitch airsiicws, some of these are 
fitted with a mechanical reverse gear in the 
(rHn.stnishion lietwiam engine and airscrew. 

The airship may deiive a fiirtlier I>encfit 
from the ability to obtain reduced forward 
speed by increasing the pitch of the airscrew's 
and allowing all the engines to run at redue^ 
revolutions but at full torque, and conse- 
quently with good thciinal efficiency 

By this method Ixith the engine efficiency 
is maintained and the jiropeller efficiency is 
equal to or |K>Hsihly lictter than that at full 
sf>eed. 

There is, ho\*ever, a limiting speed — 
depending on the* design of the airscrew — 
below which the efiicienev of the airscrew falls 

. • 
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off nipitily, wlx’ii the pitch w inoroa.'«*<l in the 
alx»ve inautH’r. 

The Hirnliip lui-s fio l•(M|Ulrcmont corroHjKiiid- 
inn t«j the tn( n%n< (l lend when nn ueroplano 
ohnihH. and to meet whieli the neiopluno 
<l<'eteam-K jts jateh m n/der to maintain its 
rovolutioiH and power. K. M. R 

AIUSlllPS, KXI'KIUMKNTS ON 

f. Uksistanck (KAI’KUIMKST.S ON Flil.L SOAI.B) 

5(1) JMk.vhujikviknt ok Si*kki>. -in exper.- 
inentH on aiiHliipH a reliulile method of men.sur- 
ing M}K'e*l throii;.?!! the air la cMaential. An 
ttnemi>m<*ter of the pieaHure type ha.s hei-n 
udo|it<'d where the inNid, in wdin h tiie pmsHtiti' 
dilleienee ih .wt up, im nf thi' N.I* L standard 
concent no pattern with true statie tnhe. In 
onh'f to avoid error due to pr<j\iinity of tfie 
airnhiji the Inuid w lowereil on a uiie oD f<^et 
lon^', to whieli aie hound the ruhlxu- tubes 
eonneetin^' the head to tlie manomelei in the 
oar. Vanes are tilted on a rod «>.\tendin)i to 
the riNir, and the liead is mounteil in a stiriup 
botwiNUi centres s<» as to be fiee to swivel in 
a verticid plane; the vanes also ensuie ah^n- 
niont m a hori/ontal plane if care Iw taken 
not to twi.st the ruldier ttilx'.s. A stream' 
line w'omht of about 10 Iba., fitted with tins, 
is liumt below the iiea<l to re<luee horiz-oiital | 
deVieetion under the wind foree.s. 

An alternative form hir the luvid is that in . 
wiiich the pitot ami static tub«#i are lived in ■ 
the btnnunline weiulit and project well for 
Ward of it ; alU<died to the after end of the 
weij^lit arti four tins to emsurt' .stable lli^ht. 
Tile rublier oonneetions are eneasiMl in flexible 
motallie tubing which is securely attaehevl to 
the weijiht and nerves a.s a sup|Hut for the 
head. 'I'lie lat ter form is convenient to handle 
and more robust, the fins Ihuu^ K'ss liable to 
liccoine distorted than those of the head tirst 
descriln'd. 

'Hit* “ flyinitf ” head is calibrated in the wind 
uhannel. the jux'ssim^ diffeixmee m the two 
foniis evmsidert'd isun^ isjual to (where 

p is the density of the air and V the ap<H‘d) 
when the eorrx^ot ffynig attitude is ohtaimsi. 

Owing to tlie eomparativmly low' sjieeilH of ; 
airshifKi a sensitive manometer i.s ronuired, ! 
and, sinee the inelination to the horizontal is j 
continually varying, a tyiw w’hich is pnvctically ; 
independent of the action of gravity is em- 
ployed. If facilities for frevpient calibration 1 
are avavhable the ()gilvio indicator. tUhknot 1 
pattern, will lie foiiml most suitable of the 


§ (2) Resistanck, — Measurement of the 
resistance of an airshiji has been mainly 
attenipterl by two distinct methmls, viz. by 
der-eleration - trials and by inoastrenient of 
aiiTM-rew thrust. 

The theory of the deceleration method may 
l>o statiul as follows. At any instant when 
the thrust 1’ i.s not e<jual to the resistance R 
we may w nle 

T-K - 


dr 

where dV {dt is the rat«5 of change of speed 
and the efTcctivo mass. The rt‘.sistanc(3 at 
any sjieed in the aeeelerateil motion under 
considciution may not bo (sjual to the re- 
sistam-o at the same speed during steady 
motnm, ami it is cust<mi(iry to allow' for this 
effect hy the use of an “effective mass” 
deiivi'd from the trui* mas.s M hy the u.se of 
a mulliplviiig fai tor. While this method of 
eoireclioii IS convenient an<l piobably legiti- 
mat(‘ ft>r any given body over the range 
wluue tin* reshstanee varie.s us the sijuare of 
llit‘ speinl, it may be m^ted that strictly the 
coin'ctioii should take the foim of a force j)er 
unit aeeeleiation. For wlulc' tiiere are many 
eases (a thin wpiare plate in normal {iresenta- 
tion IS a good example) where the ma.'^s of the 
displ.ietsl tliiid IS negligible, there is little 
iloiiht that correction to the n'Sistaiiee of an 
airship for the effect of aeeelerution will lie 
n<‘ee.s.Hary. 

i'he practical method of earrving out a ilo- 
leh'iation trial is to lun the airsliip at full 
s|K*ed, ami, using an anemometer m winch the 
d.impmg IS low. to obsiuvo the rate of change 
of s|)f«al when all power i.s cut off. Records 
m.iy be taken by visual (dtservatiori of the 
airspeed indicator and a .stop-watch, or prefer- 
ably by photogiaphing both these instruments 
with a cinematograph (ainera. Plotthig on a 
time ha.se the recijiropal.s of the sjveeds thus 
iditaimHl, the value of dV jdt ^ l/V-* may he 
determimsl hy moivsuring the slo|)e ; over the 
range when* the resistance varies as the square 
of the s[K*evl the points should lie on a straight 
line. 

Since the airscrew thrust i.s zero we may 
write 

U, dt ^ ^ ^ 

where S represents d\ Idt x 1/V*. 

The true mass M of an airship in static 
equilibrium will be tviual to the mass of the 
displaced air ; but there is little reliable 


fltandard ty|H's, for wind bjhhhIs up te 100 ft. j ovidenco as to the relation lietween M and 


per sec, A metal diaphragm instrument such 
as thosie made by Messrs. Munm vdll have the 
advantage of edhstant calibration, hut the 
types available at the time of writing have 
lower sensitivity. , 


M, for the case of a blMy of streamline form 
in motion along its longitudinal axis. The 
correi’tion is Ivelievt^ b> be small, and at 
present then^ appears to be no alternative to 
I the use of .M in the place of M,. 
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If p lie the density of the atmosphere at the i 
place of observation and I the cube root of ■ 
the volun^ of the airship, the usual non- j 
dimensional coefficient C bo criual to 


or, since M is cstual to />/■* vie may write | 

It is found in practice tiiat the results are 
rcprcsontiMl by straight lines within fairly 
narrow hnuts, thouj^h local deviations, due 1 
presumably to gusts, are almost invariably i 
prcvscnt. i 

The s<icoml mcthcKl of determining resistance ; 
by the mc;usurenu*nt of airscrew thrust in 1 
stivuly motion cliuunati's the uncertain element ; 
of the acceleration ciurection, but the measuie- i 
ment of aii-scrcw thrust has Ik'cu found to be ; 
a matter of eonsulerable iliflieulty. j 

At the time of wnting, oxponments are In-iiig 1 
earned out on an airslnji with a view to te^luig the 1 
rnetlirnl of Dr Stanton and Mi^>< MarHhall,’ in whidi 
the thrust i^ dedine<l from llio inere.w ui the total 
dMiamte pressure of lli*‘ air due Uj pas.Hing through ' 
the uirserew disc. The investigation has not }el 
progr*«s«.Hl sunn lently fur for an opinion to be given , 
U[K»n the aeeur.K \ of the nHdlesl, 

Valuable cMdenec as to the \ illation of the 
resistanei' Mith sjs'od may be obtaimsl by run- j 
iimg all eiigiiK's at a like 8]K‘(‘d and varying 
that 8|KH‘(1 over as wide a range as |)o8Sil)le. j 
Sim e the thrust vanes as tlie sipiare of the I 
rotational siMwl N, and the resistance, for I 
steady motion, is e«(iial to the thrust, V/N is ' 
constant over the lange where the resistance j 
varies os tlu' sipiaie of the forward spceii V. j 

So far as obsi-rvutions hav'e been taken on 
airsliijis, the value of \'/N has licen found ; 
constant to the ordi^r of accuracy of the ex- ■ 
perimisUs. 

§ (:i) Lo< VI, Sl*KKI> (Ju\DitNT.H.--Few' ob- i 
aervations have been imule of the distribution I 
of relative wind spersi in the neighbourhood j 
of the airship, but those which are available 
indicate that variations which occur in the 
measured speed arc conlineil to a compara- 
tively local region. 

Measurements on airship R 33 indicate that 
beyond a point 30 feet lielow the car there was 
practically no change in the speed measured | 
by the Hjang head ; at 20 feet the Ux;al j 
speed had a maximum value about 3 per cent i 
higher than the forward speed of the airship, j 
As the ear is approached the rise in sjxjed i 
becomes mon* raarkinL and may amount to ■ 
the orxler of 10 |>er orat at a few inches from 
the surface. The reailings then fall sharply 
and the sjieeii presumably becomes zero ait 
the surface. 

‘ AX\A», R. and M. No. 475. 


The increase of sjhnhI below* the bull (at a 
point 55 feet aft of tlie nose) was found to lie 
«>f the ordci <*f only 4 jM‘r cent neiu* the surface. 
At the extreme after end of aii'ship R 32, 
about 5 foet almve the hull, the S|XH><1 was 
alxmt half that iiieasuriHl by a Hying boml at 
the forwani ei.d »>i the ship ; but the ratio 
rose t<» n’sKii unity a* a ilislanee of 20 fi*et 
below the hull. Over a part of the inter- 
vening ibstanec t ie spissl was higher owing 
to the inlluenee of the sliji stream from the 
after .iirsert'w, 

§ (4) DisTUini’TiON OF Pkussuuk over 
TUB Hui.L.- 'l'he pn'ssures whuh act ui>on 
an airship still await experimental investiga- 
tion, though a few pielnuinary idiservations 
imlieateil agreement with values <ditaiiuHl on 
huhIcIm. In flight bofli tin* jiosition, indieati'd 
by the contigiiration of the outi'r cover 
(whether pre.ssial inwiinls or suek(“»l out- 
w'anls), f(»r the change from pressurt* to 
suction at the head of the ship and also the pn‘S- 
eneo of a picssure at the extreme tail are in 
agiwment with the lesults (d)tained in a wind 
chaniu‘1. Tiie statement made above as to 
the pressure diHfribulion is based on tbo 
assumption that the lu'essure in the interior 
of the hull is eipial to (ho static jiressnre in 
the atmosphere, and the iissunijition is prob- 
ably n<*t seriously in error 

II. REMlhT.V.M'E (ICxrEKlMF.NTS O.N MoUKl.S) 

§(5) Methods of Suffokt.-- One of the 
chief (linieulties alt<*ndiug the measuMUnent 
of the resistance of f-treiimlino bodies is tbo 
elimination of the effect of the supiKirting 
striK’ture It has been shown ^ (bat if the 
model be sup|»orted in the region of its centre 
of gravity «tn a rigid spindle of suitable stiffness, 
modification of the flow will take jilacc. Jn 
the earlier exi»erimenls it was aHHiinuMi that 
the icwista K-e of sm li a spindle could be deter- 
mimsl by tbo addition of a si^oond similar 
sjnndlc which would increase the total ro- 
si-stanoo by an amount wjual to that duo to 
the tirst spindle, latter ex|jonenco has shown ^ 
that this is not the cose when the sjiindle 
causes a relativ^cly large increase in the re- 
sistance. However, it has lx*cn found possible 
by the methods outlinwl l>elow to make a 
satisfactory determination of the true resist- 
ance of the model, and therefore the effect 
of the first spindle may be nssesseil. Under 
these circumstances the use of a sjiiniUo rigidly 
supporting a model may lie pemiitUHl in certain 
experiments. • 

To minimise the difficulty with the spindle 
in experiments of This nature, where the axis 
of the model is parallel to ttio wind direction, 

* A.C.A.,R and 241 (Pannell ami rampbi*!!). 
A.C.A. — Advl»or>' Wjnuaittee for ^cronauUcs. 

R. ami M. Re{>nrU ami Mcinoranda. 
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thn <limf>nsioiiM of th<» Hiip[»<irtH arc rrMiiicod t«) 
a minimum hy Muspi ndin^ thf* rn'«Jcl on 
WHOM of tmiHil*' htifiij^Hi , thi* wind forro 
<»n I lie model H traiiMmilled to tim balance by 
nuwiiH of a proje( tioii m tlu» tail wlueh preKHCM 
aj(amrtt a Htie.imline spirulb' on the bal.ince. 
With a model nf an aiiHhtp hull 4 feet lon^ 
ami li Of H |U( hert III diametel, suppofti'd oil 
two wu'eH tHil in. Ill diarnetm, the disiutbanec; 
of the How due to tlu* wiiefi n Hinall, and the 
rertistunee of the uiie.s and spiiidh' may be 
aeeuiati lv deti’l mined. 

tj (ti) Sr\Ti(; I'ltKssritK. ( 'oiutia’rioN. ^ In a 
wind < hannel the all H iKiehuated a.s it 
p.'iHMeH aloni.; the whole Uaij^th of the elntnnel, ' 
ami it h.is been found ‘ that tlm lu-eel lation ' 
in aeeompanied by a fail of prensuie approxi j 
Ulalely ppopoitional to the elninoi* in the I 
HijUtU'e of till' ‘^peetl In the nn'a.auiemeiil of I 
the reHintaiiee of mn h a body a.s a in^ht < ylimh-r ' 
with its a\irt paiallel to the wind diieetnui. \ 
the Htatie preHHUie at th(' up-Mtream fact' will I 
be luKhi'r than at the down stit-am f.ne i 
Under the eiieuiust.im es tlu>re will Iw' hums- ! 
lift'd on tilt' hulame, loifether with tin* les^^,t | 
nnee piopiu, an addition.il fopM' e<(iial to I 
the tldlt'reme of pren.’^me hetween the two | 
t'lids of the < ylindt'i multiph(‘d by tlu‘ eiom- i 
Heitional aiea In lli(> oian air tlnn foiee 
woidd not ('MHt ^ j 

In the case of a slieamlitu' body this Hpiiti- j 
t)UM force i.s ('<|ud to /IV/.V, 1‘ denotine the j 
pressiiri' at a point wheie tl.> (*n*ss sectional 
urea is A. 

St (7) 'I III: UH'I'CT OK I’oltM ON IlK.sISTWt K. j 
- All impiiiy has be<>n e. lined «iut .it the | 
National I’hvsie.d Uaboiatiu v on the K'.sistama' 1 
of a Hciit's of 7S dilleient forms the model.s, ! 
with tlu' eveeptioii of aoven liist, lines, v\eto 
built up by the us(* of M'p.ii.ilt' Wootieii pns-eM 
t'ori.sf ilutiui' the head, t.ul, and et'idial e\liu- 
drieal piutioii 'The length ■* of the models 
varitsi from 1?S in (o .■">;{ m , the diaitndei 
was t» Ml throuijhout. and tin* speetl ran^etl 
fi’tun 2r» to SO ft. per see The models had 
a vaniishetl surface, and local ii n*i;uhmtn's 
euuHed by .slight \anatioiis m the diameteis 
of adjacent .sections wen* fainsl with pla.stieene 

Limitations of .s](a,'e prei'lude the pos.sibdi‘v 
of a di'tailed examination of these results, 
but the broad eonelusions may Ih' statoil na 
follows : 

1. A tail 'J-r* dlanioteiN long c;m Is* mnue to cue 
as low a rNiistainH.' coi'fticierit as .in\ other tail let 
oxamin«'d. 

A fonft 4 ll (imiiietirs long can lx* pnxhieed 
which will give A resistanci' ctN'fVieienl of 0 007. ' 
The forw’aixl eurveil jH»nion ('f'^nch a Ixxiy ina\ lie ] 
alliptieal and niusl‘>lie at Iciisl ‘2 ihainelrrs long. . 
There should l>e no e\ hndrical jioitnm. j 

* .4 C A . B ami tf r)i’ii (Parmcll, .Tones, .and Pell) I 

* , R. and M. iV07 tPamicll and Jones). i 


The resistance coetlicient of tin* envelo|»e of a 
S<*a 8<;oiit “ S S.” non-rigid ship, .7 2 di.imetcr, is 
<> Ol.'t , that rjf iIk* litill of the rigid airslup L 33 is 
0011 . 

3. For all the iihhIcIs exiiinined, e\( (*pt m a few 
isoltit«d cases, the intnuJintiou of < yluidncal body 
< aie.es an iiK're.isc iri resist, inep i is‘l!i( ii'iit at the 
higin r s|H e<ls 

4 In forms whieli irw hide ,i cihn<lri<al IxkIv more 
than one ih.iiin ter in length ,i tail (oniposed of a 
Hems of triiiie.ited eoiies .iiid 2 75 diaiiu-ters long 
rn ly L* use4| vutlioul appre< lable itn re.i.s(* ui the 
ri'astame rot tin lent at the higher h|H*is|s 

§ (H) 4'llh Ilt.sisr VNCK OK CoMI'oXENT PAKTS. 
— The resistaine of the lins, e.irs, etc., of an 
,iiishi|) have been det<i mined in the wirul 
eharnn’l foi two ty|M“s of airships only, vi/. 
the H 23 •’ and K .33* t>|'i‘s. It is cnnsideri'd 
imidvi^ahle to test a fnllv -rigged model in 
the wind channel, mainly because, owing to 
the .small s< ,de, maM\ of the jiarts of .small 
dimensions would he subject to eousidei.ible 
“s<*,de elbet ” 

I he iiietliotl adopted in tlie experiments 
lefeired to was to test the luill .iiid iins to 
sc.iles of 1 133 and 1/120 res|M'( t ively ; a 
pielimniary ('\|)eiimeiit indieated that the in- 
teif(*ien<*e between the ears and the hull is 
pioh.ihly negligible on full .st .ile, and the former 
wete therefoie tested on I.irger scales in the 
•ibst-me of the hull. 'I'hi* resist. nice of the 
wiles was (•aleul.it(*d from the ri*sults of pro\i- 
oiis (‘.xjienmeuts iii a wind (’haiuiel,'' and the 
K'Sistaiu'e of the radiators w.is e.stim.ited from 
le.sts of full-si/e radiator.s const rm ted of tubes 
simil.ii to tlio.se of I'J 2l> '■* and 11.3.3 lespeetividy. 

'I’bis im|uii\ showi'd (hat the total ri*siHtiinee 
was eompo.sed, .as te the iiiineipal items, as 
follows. 


I'll! ■ f Hiin, 


!’• Ti • tiIak'o a, Klutanoe. 


Hull with Ims 

. tiS 

(iO 

( ars 

. 20 

14 

Wires . 

.5 8 

7 

Rndiutors and stipisirlH 

4 .5 

(1*1 

\ at Kills 

1 7 

3 9 

Total pre<het(sl uK*f}ietent. | 

R , V-/J 1 

0 U30 

0 0197 

< '<x flK'ieiit obsentsl m| 
dis'cliratu'ii Inals ( 

. 0 025 

0 0173 

R'tlto of etx'ftteieiifs 

I 20 

1 11 


An rxummation of the re-all > for the niCKh-l hulls 
slw'ws th.at the loi'nicicnt f.dls nifiidly m the case 
>>f U 23 at the highest 8jM*ed att.iiiialile in the wind 
ehaniu'l, and the exoea.s of Ok* \alae for the nuxlet 
o\er that for the ship is no doubt to some extent 
duo to this muse. Ip the e-ue of R 33 the change 
m the eoi'fhoient la much leen marke<i As.siinung that 
M, »s about I 15M (see ^ (2)) and this is prohablv a 
goo.1 estimate, the ngns'in^t Ix-twemi the ohser\etl 
and predietetl results is gm^. 

* A C A , R ami .T/.019 fPanni ll. Jones, and Pell) 

• * 4 /?(' . R ami M 827 (bYirer and (Tadd) 
A R 1 - A erotuulie.il Research ('oininittee 

» .4 r .4 . 1013-14 p 47 

* .4.(’ .1 , R. ami M 273, .and R. ami M 221. 



AIRSHIPS, EXPERBfKNTS ON 


119 


III, Stability and Contkol (Exbkrimknt'' 
ON Fi ll Sl^le) 

§ (9) Dktkkmination or Turning (‘iuci.f. 
— The wliich prevail during Hte.id\ 

turning' motion of an airHhip may be examiniHl 




Equation (4) l^rifore determines the true 
an;'le of yaw o m terms of the measured 
(juantities >/ , and 

'I'he ratliu.s of the tiiinmg tirile is dearly 
i^ueii b^ X’/v', Nvhilst the eomjsment of the 
oentrifiii'al forn' noim.il to the ship's axis must 
halaiue the lateial foie.' X. 4'hese lesiilts 
m<iy be exjuessetl two fiiither 

e<|Ualion.s. 

" ' 


Fm. 1. 


and 


X’ 


MV" 

It 


eos,l 


(b) 


bv leffreme to Fuf. 1, and the f.illowine 
s\stem of sMubols has been adopted : 

(), til.' OII^MII of . )-oniiiiale> eoiiui.hiig with the 
(.1! (eentie of l>uo\an<v) or the eentn- of 
X oluine of tlie liull * 

Or. tlie axis alone tlio eentre Imc of the hull , poMtue 
rhre. tion lorwanl. 

O//, the axis fxTpendieular to the plane of N\niinetr\ , 
pof"iti' e dire, tion to sfaiboanl, » r to tlif nnht. 
(4:. the tixis jM rp« ndieular to lau , po-'iliv. dii.'tioii 
.low iiw ards 

\’. the Hji.s'd alnn;^ tlie thril.t path at tlu' .entre of 
^'ra\ ity ( i of the airsliqi. 

Vj, the sprid measured at po-ition 1’. 

;i, the true and' ‘'f 'aw (i r. the inehnation of oj 
l.j the thrill path at the Vtl of the airshiph 
the l.K'al an^de of >aw at point P. 
i/|, component of Vj along ox. 

Vj, eomponent of \ j along (»/. 

O, {sxsition c'f the e. litre of gravity. 

P, position at w hi. h the aiu-mnmeter, yawmeUr, and 

eompuss are hnated. 

d. the ilistanee lH'twe<'n the js.ints O and P. 

A, p<»^ition at winch then is n<i side-shppiiig. 

K, radius of the turning circde. 

\p, compass rt'admg at any time, 

L<^ngitudinal c.^mponent 

M j - Vj co.s /3j = V co.s ,S. . • ( 1 ) 

‘ The present e< sj^erati.'Ui r>f eciulllbrlurn ami 
atatulitv relates to lateral motion, and for • onveideme 
a s^stem o! axes h,is lH*en adopfeil "'hSen 'ilinrs 
from the stands nl system (see " Airc raft, I he . ta- 
bllity of ■*). in that the carigln is situated at the <* D. 
instead of at the P.tb 'the U <i. Is iuisuiued to Ik* 
OD Uie axis oz. 


Since 111 praetieo d ranl^N exc-eeds 7 dc-giees, 
V 111 ('(jnutions (o) ami (bl may be leplaeed 
by tlu* iiu'aHiiied Hpei'd Xj with an eiior not 

exc eeding 1 pei c eilt. 

Fqiiation (.'») now delernniu's the ladiiis of 
the turning cireh*, A cpiantity wlneli, for eon- 
Nenieiue ill (oinparingc ddbieiit aiisliips, ih 
UM iallv doiibl.al and diNided hy tiu' length of 
the aiisliip 'riiii mai-dimenhional ipiantity 
has laen teiiiied the tinning (oennieiit. 

^ (Id) 'I'm. XIi \si ni.Mi'.NT or- Asoi-k ok 
V u.v. - In the' .ondmt of linning tiials on 
.iiislnpy, the speed X'j is moasiiied hy a Hymg 
I hea.l l.jweird fioiu the foiward car, i ih dets*r- 
miiu'd fioin leaclingH of the toinjiasH or a 
sundial j.lotled against tnm*, and d, from 
leadings on a y.iw inetei. In the yawmeU'r 
emploved oil tlu* eailiei trials a yaw head 
Himilai to those* described m .1 f ' A , H. un<l M. 
4 b » IS tilled on the end of .i mast of stream- 
liiu* section, wbuh piojc'. ts below the forward 
cai. Hnelly, tlie y.iw head consists of two 
open-ended tnhes set m tlu' form cd a \ ; 

foi high sensitivity the tuhes include an angle 
of about 120 . In measnrmg the angle of 
yaw the mast is rotated about its axis until 
there is equality of pressure in the two tubes ; 
the angle of yaw is given by the rotation from 
the zero position imcessary to secure equality 
of pres.sure in the tiihes during straight flight. 
Sueh an instnirnent given a reading of angle 
of yaw without calibration, and is usually 
satisfactory under steady conditions. 

In flight, however, there is found to Iks 
invarialilv a certain amount of disturbance 
1 ev^eti on days when the atiDosphene conditions 
■ apjK*ar bi Ikj ajniost jK*rfeet, and for this 
i reason apparatus, w Inch rcc|uiro 8 adjustment 
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buforo a roJuJiriK ( an l>o taken in unsati'*fa(itory. 
I'horo arc wcvc'ral alternative nnlhodH, and 
ex[»cnfnciit-t arc in firo^/rcHH with a view to 
prraliK'in^' an iiistruincnt in which no adjust- 
ment is rccpiiictl tadoR' a rcadinj' tan ho taken. 

§(ll) ( 't)NTHoi,i,AHii.iTY. The ]K)wcr of tlu? 
captain of an airsliip to control the vcksoI will 
1h' r'liiftlo^csl under two main condition.s of 
flight, in which the letjiiironicnt.s ate to Home 
C‘xt*-nt diametrically op(»ortcd. In orm case 
dining inamcuvn K (he airship will ho nsjiiited 
to turn (jUKkly under the action of the control 
BiirfacoM, and in the other cast' on long IhghtH 
uhility to maintain any given eoursei indieati's 
a high degree of contiollahilit v, under thcHc 
particular conditions. l'’or on many anHhi|i.s, 
in Hpito of (on, stunt mljustments of the loiitiol 
HUrfaceH, then' will Ire appiisi.ihlo departure ' 
from Mtraight flight, and to (hat extent the 
uimhip must he legaided as uncord rollahh-. 

(!ontrollaluldy m this si'cond Mruisc is e-wenti 
ally a queafion of Htahildy, and a stalile tdup 


j wore obtained in this manner for the stable 
aindiip R 29,' and the unstable ship R 33. 

3’he method of observation adopted was to 
ree(»rd the compass readings against time while 
I moving the rmlders at known intervals over a 
i small range of angle on either side of amidships, 
j The results (ddained are given in f if/. 2. The 
j ex|eriment on K 29 may be regarded ns 
cotnmeneing at time live minutes, and it 
will bo noted that though observation was 
eontiniK-d for 22 minutes the nidder angle 
was only changed twice, the deviation from the 
mean course amourding to less than 20". On 
R 33 the rudder angle was ( hanged eleven time's 
111 th(‘ same pi'riod, and it was only hy keeping 
th(' elom'st wat( h that the vanations from the 
Course shown in tlm figure wore not exceeded, 
'I'lui vaii.iiion of course for R 33 was alxmt 
3o ' on (Sthcr si(l(* of the mean, that of R 29 
only Is 'I’he path of It 33 would of course 
have been more m'arly straight had larger 
1 niddci angles Ihcii employed ; hut it would be 
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may U' uvulilv flown on a giv(>ii eouis«« m calm 
weather. I'mier disturUsl almosphcrie eon- 
ditions, liowev(‘r. as a ( (>n.s(s]uen(v of the large 
Burfaei'S mvi'Hsary to nsidei an aiiship stal'le 
in calm weal bet, larg<« foRcs aie hioiigld mt.i 
OjWiatioM at tiu' tail, due to giml.n, and the 
controllability Uhviiuh very low For this 
reiujon, and to s<s ute facilj’ty of m.imeiivie. 
raiKleni aimlinH are likely to he umfoimlv 
unstable. 

ft hIkmiIiI Ih' lu'ti'd I flat tlic ihc (T a large part of 
the stalalii^iiig sarface l.,r coiitiul purp.v,e-, (,is in 
Italian nirsiup ) will la- ;el\atilagis)im if 
Stnjetioual dilliciiltu's can U> o\('ri'oine. .\lter 
natively, the nspuRxl iieprovement may Ih' .stvnnsl 
by the use uf merv elfu i.mt contrul surfact'^^ (sw 

The exact mensiire of eontrollahility is a 
matter of eonsidi'rahle diflieulty, since in 
oixlinary navigation the U'liaviour of the' 
airship will depend largely upon the skill with 
which the control surfui'es are manipulated. 

1 his smiree of ei Rvr is to soinebxlent elimmated i 
if the contRtls 1 h' o^'ratinl throughout a s<*rios I 
of oliservat ioiKs hy th(' [lerson, and it ! 

may be of interest to give n^me results which i 


[(tactically impossible to secure rectilinear 
flight with fhe same nrsuiacy as on R 29, 
and the method .vdopted appi'ai.sl to be niord 
siiitalde for m.ikmg .v conijiai i.-jon with other 
aiisliqw po.sst's-ung a higher degree of stability. 

(12) llr.vKKsvi, OK (’oNTKor..- While deal- 
mg with eontroll.ihility it will he appropriate 
to eoii.sider a certain anomalous condition 
winch fieqnentls anses m flight. In the 
normal functioning of the el('vators it would l»o 
(‘xpeetcHl that the R>ar enri of the control sur- 
face would he depres.sed (resulting in an upwaH 
foree) when it was di'sinal to fly the nirsliip 
pitched mw down. In [iraetiee the levei-se 
IS frequently the e.ise, it lioing often nece8.sarv 
to raise the elevators when living nose dowm, 
m oRler to pR'vent the airsluji taking up a 
larger angle to the horixontal than is (h'sinHl. 

1 hese emdition.s ari.se when the aerodvnnmic 
disturbing moment, with elevators horizontal, 
exceeds the static restoring moment, and the 
efft'ct on an unstable sHq) such as R 33 is 
naturally much more marked than on R 29 
J (13) Dyxvmic LiKT.-In navigating an 
lundiip much use is made of (he vertical 
' A R.C., R. and M. 675 . 
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component of the force which acta when the 
axis of the ship is inclined in the vertical 
plane to the direction of motion. In such a 
position t^e air forces on the ship have a 
vertical comjKinont. A rigid airship is subject 
to conhirlerablo departures fntiu static ot|m- 
libriuin, the airship lH.‘conung either light, due 
to auiierlieating of the g’ls, or heavy, due to 
ram or snow, and the djmainic force <tn the 
hull and stabilising surfaces is used to counter- 
act the unbalanco!l static fon'c. 

This nietho<l of maintaining equilibrium 
has the smiuus dis<idvantage that an apprcci- 
able loss of speed is incurred <twing to incnviKc 
of resistance when the hull is inclined more 
than a feu degrees. The loss (jf speed may 
amount to as much as 20 js>r cent for an j 
angle of pitch of 10', and this angle is by ■ 
no means uncommon in normal navigation. ' 
The u.se of ('lc\.xtor anylos of high magnitude 
will also result in loss of speed, I 

'J’hc j)li<‘n<)H!cuon of reversal of control, dtseiisscd ; 
in ^(IJ), may ha\e unpleasant eonsisjuenees when ! 
it IS n(^<-t‘ssarN to make use of considerable dynainio ' 
force b\ Ihui^t at a laigi' an^^le of juUdi. Imagine j 
an iiirsliip living on a linn/ontal p.itli at a certain i 
speerl, pit( lied down at 10', ami with the I 

eli'vatorrt im lined upwards at the m.i\imum angle, j 
'I'lie s| itie nglilnig moment will, under these l 
(•ftndUioiis, !)(' Ijakuieed l»y an aerodsimmie disturbing j 
moment wfinh has been nsbued to a minimum by i 
ilelleiting tile loiitiols through the ma\uniim angle; I 
tlie vertical dvnaniK' fon e on tlie hull will Ik« equal 
and opposite to the e\cess hit of the airship. , 

If now the speed lx" iiuTeascfl and the aerodynamic 
disturhing moiiunt acting on the ship is assuna^xl 
mil hanged, loss of la ight will at once occur owing to 
the inert'ased downward dynamic foiei*. No risJue- 
tion of the angle of pitch can be elTirted since the 
elev.iUirs ntv idready uichned .it the mavimum 
angle, ami as a conscquein e the airsliq) in unable to 
fly above a certain spcssl. Aetiiallv the niagm- ' 
tilde of the elfei-t is increased owing to the aero- 
dynamic disturbing moment Itccnmmg greater at the 
higher sjkciI. |f n be possible to relo.usc gas, nonnal . 
na\ ig, It iun.il conditions are again restored, since a 
smaller angle of pitch is required to pnxduee the 
necessary downwanl d^namle force, and effei'tivo j 
control In the elevators is again sis imsl. i 

'I'he return of U ;{4 to her base afler the nerident 
of .laim.iry was delayerl thr^nigh tins caase, | 

and it IS jK*.<sihle that her total loss would have l»eeri i 
avuidctl hr 1 she b^'en able to prix-eed continuously 
at full spe*-d There is httlo doubt that the solution 
of this problem of the control of altitude would have j 
a far-reaching effect on the navigation of rigid ' 
airshijw. I 

§ (14) PUR'^SURE ON THE StaDILISINO SeR- j 
FACE.S. — At the time of writing little informa- 
tion is available iw» ^ the jireaaurea which 
%ct in flight on tlie fins and control surfacea 
of airships. Kxperiments are, however, in 
progress on airahip R 32, to tlctermine thi* . 
forces active on the upper vertical fin and i 
rudder, and froni^, the preliminary results a * 




few' conclusions of a general charaett'r may be 
dra\tii. 

When the sbi]) is turnimi, the regions of 
, high piessiite are situated towanls the for 
j vurd end f>f both lin and ruilder. This r^ult 
was anticipated, a.s a similar distribution of 
jueasure had Ixaui observed in wiiid-ehannel 
e.xjK'riments on mcliiu'd sui fai es. The observa- 
I tion.s for the hew ml sn c show a reduction of 
jwessure below the stalit . of givater magnitude 
' than the inert'.ise i f prassui't* on the windward 
side. For convenience the lesult.s art* ex- 
pressed in the form of non - dimensional 
coefticients (l*/p\’*), the ])reshurcs r»n the tvvo 
sides of the fin iKUiig siibtiactcd algebraically 
at each ob.s<‘rv.ition-j)oint. 

Duiiiig the tinning tiial.s with the nnhler 
hard tiver, the higlier cocllicients were of the 
order unity (eoires|)(inilmg to l.i lbs -ft.'-^ at 
KO ft. -sec.) at sjieeds above 70 ft. -.sec. At the 
lower Kjieed the eo<>lliei('iits wi're higlu'r, but 
it i.s diflicult to deeidi' wJietlu-r the eiiaiige is 
due to scale eflcct, or to the griMter efleef of 
gusts when the' forward sjaa'd of the airship 
IS low'. 

§ (15) Stahiutv. — 'J'he determination of 
the stability of an airship in flight is a mutter 
of considerable diflicully. In the iccciil trials 
of airships an attempt has latui math* to 
determine the nTitive laliual stability of 
ditTcrent ships by oli.stu \ ation of the flight 
jiatb when the nulder.s arc locked at or nCar 
amidships. 

It appeals that it should be jxtssible to 
find, for any stable airsbiji, a |»>sition for 
the rudders which would result in the mean 
course lx.*iiig sti sight, whereas for Rn unstable 
ship with the vontiol surfaces amidships, the 
lliglit jiuth Would become incTea.siiigly curved 
until a condition of stable eipulibiiiirn was 
reacb<‘d. 

Olmervatioiis of this nature tliiuefore afford 
a means ot d«*termming if a ship is stahh*, 
and, if not, the cuivature of the path ex- 
pressed in terms of the length of the airship, 
may indicate the dcgrtM3 of instahihty, though 
the problem in the latter case may be comiili- 
CMte<l by the effect td speed. The results 
obtained f»n airsliip R 33 apixiared to indicate 
a deereaso of instahihly as the s[)CH*d incieased ; 
but the xdiservations were ver}' incomplete 
and the result awaits confirmation. 

IV. Stahh.ity ani> Control (Experiments 

ON Modkl.s) 

§ (10) Introductory. — In addition to a 
knowledge of the resistance coefficient of an 
airship, information is generally re^piirc-d con- 
cerning the aerodynamic characteristics of 
the airship enveloj^ and stabilising surfaces, 
when the axis is inclined to the wind. 

The more important characteristics which 
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oomo un»lf‘r conMidmiMon when (oriHiflriing 
(‘(jtiililxiuiii, rthiliilit V’, <in<I (‘oritrollaliility aro j 
(i.) tli«i fold', t tin- forco .u tini' along I 

the »/ uxn, (ii.) tlio nonnal for< %p. tlio | 
foreV ai ting along llin z axis; and (iii.) the 
a*uo(l yriaiun' (onidcM ahout the of z 

and y, > the yawing and pitching in-inients. 

it iH assumed that if tlio air'ihij) ix* turning 
Ilia aciodynamie foi(‘«« and cou(»Ii-h may he 
renolved into two |lalt^, the one duo to 
traiiMlation and the otln-i duo to rotation. 

It iM iHiial to Huppose tlie eon.ponentH duo 
to traii'^lation to vai y ax the wpiare of the 
velocity of the {'.(1. lelativo to thi> air. Thia 
ia piidiahlv not Htii<-tly tine, the tvidoneo 
uvallahle indicating that the fot((<H itnueaso 
rather nioie rapidiv than tho H<|uare of the 
«|>Ood, the leVcMc heing the caxe with tho 


Similarly, hy mounting the model in its 
normal attitude with tin' jilano of symmetry 
vertical, the \ allies of tho longitudinal and 
luteial foice.s, and yawing moments fit different 
angles of yaw, are determim'd. 

In view of the fact that an airship envelope 
is appio\imately a solid of revolution with tho 
hotizontal and vertical lins not \ery dis.yimilar, 
the \aiiation of tin* iiorni.il force and pitching 
moment with angle of pitch is similar to that 
of the I.iteial fore<‘ and y’awing moment with 
angle of yaw. Heme, to avoid repetition 
motion in yaw only need he eonsnh'red, it 
ladiig undci'i(<iod that, in gener.il, tho remarks 
iii.ide eoiiei riling l.itei.d foiee and yawing 
nioiiK'nts afiply to normal force and pitching 
moments. 

'I'ln- I'ltmal force and yawing moments are 


CoUph'H 

Fuitlier, th(^ component due to intation is 
aMsuiiKMl to yaiy diH'ctly as holh the tolalional 
Velocity ami the ti ainlal i« aial velocity, so 
that, for exampli', wlnn an aiiship is flying 
in a cnrvihnear path with angular vi'loeity r. 
the com|iomiit of the y.iwiiig imuiient X iluo 
to rotati n i-t r(- X/' r) or N,. lieing 

propoi tioiial to the foruaid vcloiatv If 

th(' yawing nioim-nt due to sidi' slipping at 
an angle of yaw he dciioti'd hy X,a, the 
total couple on the aiishij) is X/? I /N,. 

^(17) Mi; vsiikkmi;n IS ok 1'’ok( ks and 
Momionts di i; to Tk vssr.ATioN.— 'riie motion 
nhtaining in a vvimi-ehaimel re|)ii>H(<n(s a 
purely liaii.dalionnt motion of the aiiHhip 
model at \aiiom angles of piesentation to the 
wind. Tiie ((uantities th.it are din>elly 
rmaisured are ; 

(i.) Dr.ig, lift, and pitching nionient.s. at 


usually Mie.isiiied at angles of yaw varying 
fioin (>" to 20 under the following conditions : 
(i.) Hull oidv. 

(ii ) Hull ami c.US, 

(III.) Hull, can't and lins, with ruddeni amid- 
ship.s. 

(iv.) Hull, cais, and fins, with rudders 
im hmsl. 

'riio dilTerem e lu twcen the liist two sets of 
(dtsei V 'itlollh gives till' diet t of tllO Cal’S, <111(1 
Itetweeii tin' seioml ami thud the clfcct of 
the tin- A ineusiiie of the tin elheieiiey is 
ohtaim'tl on ledm mg tlie latei.d force and 
y.iwing nnnnent diu' to the im to the form of 
(‘tx'llu leiits hv dividing the om- hy tunes 
(In' aiiav ot the tins, and the othi“r hv’ the 
pualuet of ,A tin' lin are.i ami the distance 
of the eeiitn' ol .iiea of tin' lins from tiu' (’.(J. 

Siinilaily, from (in.) ami (iv.) the fitiee and 
moment due tt» m 


dilh'D'iit angli'S of pitch 

(ii.) |)iag ami eioss-wuid lori'i' ami yawing 
moments at ditTt'ivnt aiiyles of yaw. 

Drag, litt, and (ioms-wuuI foice ari' tin' 


(lining tho luddeis 
.ID' ohl, lim'd . tln'se 
(piantitio.s fiiinish 
.1 nu'.isure of the 


foreics almig a,\e.s p.irallcl, ami pei (lendicular, imldor elli'-u iiey 
to the diD'( tion of the D'l.itive aiml. ; when redme*!, as 

A V'ei y hnef 'helch ot the m. inner in which 1 al>ovt', to the form 
th«'S(' •jiiautr.ies are measnii'd nui.st .sullice ; h)r i of <'oehn ii nts and 
a uioD' (hdailed ih'scMption of tIu' appaiatns ' tuitln'r dividisl hv 
see *’ Model Kxpctimcn'.s m Ai'ion.uitn s, III.” Iheangh'of nu lina 
For tlu'se ex|H'rinients tho model is mounted tn»n of (he imlders 
rigidly on a vertical spindle w Inch i.s lirmly In 1. 1 (o the fixed fins, 
in the main aerodyrmimc l>alance. \ aiiations § (IS) Foiu hs 
in the angle of presi'ntatmn ai'e .secured hy and Moments on 
rotating the upper part of the hahmee about a thk Hi i.r., DTE To 
vertical avi.s. For meu.suiemeiits at angles of TuANSLyrioN. — In 


pitch the moih'l is mountv'd with the plane of ' Fiy. typical 
eynifuetry hon/.ontal, i.c. on its .side. i einves atv given 

This uvthod gives diivetly tho drag, lift, I showing how the 
luid pitohiiig moments on the niodi'l , the j lateral force ami 
first two (juantities an* readily «'onverted into ' yaw inir moment on 



eiunpom'uts actitig along, ami perjx'mheiilar , the hull alone vary 

to, the axis of the miKhl/i.e. almig the axes | tv it h tho angle of yaw. One curvo represents the 

of and :), in which form they are applicil to : lateral f(»ree--pAV®, where A is tho ..rea of the 

gtahility Siveatigations. 1 longitudinal section of tho hull, ».e. the area 
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of the Bcction of the hull by the plane of ] 
symmetry <*f the sliip. The other curve ] 
gives the moment K, where | 

IS the volume of the hull, an<l K the ratio i 
of that part of the area A forward of the \ 
axis ():: to that at the rear of it. These 
quotients have been found to Ije approximat<‘ly ' 
coustjiut for a large number of difTerentlv 1 
sha|x;d envel(tj)es, and a mean value is plotted 
in the curve. It is to be understood that the 
moment is a disturbing moment, the envelojK* i 
being unstable as a ni'athereock. | 

§(19) Kkfkct of Caus. — The addition of 
the cars natiually increase's the lateral force ’ , 
but, with the ears distributed approximately I 
unifoimly along the hull, the moment remains ' 
practically imcbanged. 1’he increase in the 
lateral force due to the addition of these ears 
amounts to 70 per cent at 8m<dl angles of 
yau on K 29. about ‘12 per cent on H .‘12, and 20 
jK'r cent on K .'18 ; at 20"^ angle of yaw tlicso 
magnitudes are 40, 22, and 10 {X'r cent 
r('8j><'(>tively in the thieo cases. From a 
stalnlity point of \ lew the higher lateral force 
is (h'siralile, but it is accomjianied by an 
increase in resistance. The longitudinal forces 
C()ri(‘sj)onding to the above increases in lateral 
force are grc.iter by 20, Uo, and 3.7 per cent at 
small .angles of yaw. 

§ (20) Fin Ffficienc y, IlunoRus Amid- 
.smrs. — In Fuj. 4 is given a mean curve 
obtame<l fr<jni a 
number of cx])ori- 
ments on various 
models showing 
the lateral force 
ct ►efficient on the 
fin, i.e. the lateral 
force — (pV * fin 
ari'a) An exactly 
similar curve is 
obtained for the 
moment c o ■ 
efiicient per unit 
distance (\) of 
the t’.tb from the 
The sign of the 
if 



Fm. i. 


centre of area of the fins, 
moment is, however, different from that 
the force, and it.s magnitude is 10 per cent 
loss. 

Thus, if instead of dividing the actual 
moment due to fins by a length X, -0-91 X 
had Ixx'n u.sed, the magnitude of the f<»rco and 
moment eoeflicients would have l>een equal, 
showing th.it the centre of pressure of the force 
on the fin is forward of the centre of area, 
and by a distance eiiual P) abt)ut 10 per cent 
of the distance bt'twe«j^ the centre of area an»l 
^he C.G. 

The sign of the force is the .same as that on 
the hull only, there lieing an increa.se in the 
lateral force due to the addition of the fins 
‘ Thts does not apply to normal torce 


■with rudders amidshi}i8. The sign of Ihe 
two inoiiiimts Ix'iug different, the moment 
on the hull with fins is loss than that on the 
bare hull. Tiie fin area usually fitted to rigid 
airships is not, however, suflieient to make 
the shin stablr ns a wcutberctR-k in lianhlalional 
motion at angle.'-, of lucidcnco t)f the magnitudes 
encoiiiitoiod m aitual flight. 

TJie fore** <n any j»..'ticnlar fin jtrobably 
depends in s«une delitute manner on the 
form of the fin .an.! iilso on the form of the 
hull, but the evid<uue available (Maich 1922) is 
not snibeK'iit foi any satisbiciory law eff varia- 
iiiui to be dedneetl 'I'lie cm\es gn on are, 
b»»wever, such as a designer could use to 
determine the approvinuilc fin area neecssajy 
to give a (citain foiic oi niomeul. on a 
partn-ular ship, the quantities diu> to the bull 
having been determined froiu the curves 
given in Fxj. 3. 

§ (21) Ffi kii scv of Tur: Cuntkoi, Sfu- 
1- vcL.s. -- A method of eompanng the effieKmey 
of diffeient types of airshij) nnlders has Ik-ou 
mentioned a)>ove. It is found that the ratio 
of the moment due to inclining the rudilcis to 
the coricsjxiiuling force' i.s, as in the case of 
fiii'^, appioxmi.itely ccjual to the distanco of 
tiu' rudder binge fioni the ('.(i. of the* ship; 
as the eontiollabibty of an aiiship iii latc-ral 
motion depc'iid.s on the vi^nation, with rudder 
setting, td the moment dui' to luddei, attention 
m.iy b<' confined to a con.'^nleration of ihe 
moment co(*fli< ieiit as defined in § (17). 'I'bree 
types of ruddeis will be compared. 

(a) Uiiddi-rs of the t vpc liUtd on It d.'h lual in fact 
on all rigid uirHhif)H hiiilL in Hid, on pn<ir to H 38, 
In this tvjx tlic about wliuli tln' rudder luniH 
iH plaoc'd aft <f the leading edge hv ulxml J of the 
width of tlw rudder. an<l the halaneing uit'a ext4‘nilH 
along the whole h ngth of thr nidder, ho that when the 
Litter iH UK lined tlu ie is u ga)» Ix'twe'cn it and the fin. 

(fi) Huihhrs of tin- t\jH lilt'd on H ItK. In thiK 
c.'uo flu* biliiKUig anvi ih concent latesl at Ihe edge 
of the nidilt r awa\ from the hull for about | 
the lingth of th«- rudder, the rudder axin Uing 
com* ideiit with the leading ('<lge for the remaining 
§ of its length, 'rhen- IS no gap la twi-cn tin and 
ni<M« r exeept at the IsdiiiKing area. 

(c) T'nbuhou ( d niddern. with the axis eoineidcnt 
with the leading inlge of the rud<ler along itn whole 
length, and no gap lictwc<-n fin and rudder. ‘Hie 
force neccHHarv to o|>erate unbalanted rudderH of 
this type renders them unHui table for uw* on rigid 
aimhip'f. 

The relative efficiencies of these throe types 
fitted on a model of the R 33 bqll are as 
follows : Type (c) 1 00, tyjie (f/) 0 89, and 
typo (a) 0-60, showing that, from* the point 
of view of obtaining maximum control, 
tyfs; (r) is the most eflieient. This is prob- 
ably due to the discontinuity of the surface 
being loss pronouaeo<l wlien the rudders are 
inelinocL , 

It may be noted that renioving^the fabric 
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from tho iippor fin. wlnlo rflaimriK tho 

ru<l(l('r, th»‘ j Hictonf y of tho ttiddor 

ByNtcfn of Jl 2*) hy -fd por rmf. 

Jlo^^aidini^ tlio rate of chant^o t,f tho rnoinont 
duo to rufIdoiH willi ifulinatiMii tif iiiddot'^, 
it tnav ho Hfatod, j^riiorally, that this lato of 
ohanyo im uroalortt at /oro iiiolinalioii, and iIooih 
not d«'i roaso approoialily till an an^d<; of 
ahout 20' m loai liod, aflor uhu h, in tiio ojlho 
of typo (u), it do(;roaMoa rapidly at hiohoi 
uni^loM, and h /ort) at aliout 20 ' or !{0’. 

A I'Uivo HfoauiiK tho inotnord ooolTioi«>nt 
duo to tuddora of typo (u) is ^ivon in A o/. o. 



Tho iiionuMit IS no^.Uivo \s hon tho luddor 
Hidtiny is posilivo, and n/r irrta. 

In (Muinocfion with luddors of tvjK's (/>) and 
(r) information i.s availahio ro!.,ardiiii; hino,. 
niomonts, ,.e, tho conplo alsmt the rudflor 
axis fit ddloront aiij^dos of its iiu linat ion. In 
tho oa.sos <•on■nd^Mo<i Iho ratios of tho aroas 
forward of tho Inm.':*' to that aft uo for t\po 
{b) O'l ll, t^ 212, and (• 2S.‘{ ; 'oi losponditut 
ratio is oIivioihU /,>ro in typo (-•). U hon flu* 
ratio was tt 2s;j tin' hiiim' niomont was praoti 
oally ii('>{liy;il)lo fur aiujli.s hotwooii ^ It)' an<l 
-It), showing that tiu' inddor wa.s approxi- 
iiiatoU hal inooil. .\s it is, liowovor. dosirahio 
to havo an airship riiddor imdor- r.itlior than 
ovor-halaiu'oil. tho halaiioinir aroa is prohahlv 
cxoossivo. In tho throi' othor oaaos the hinso 
niomonts on one rnddor oaloiilatod from 
modols for an aolual airship at 7 ort> yaw and 
10* rnddor uiii»Io aiv 308 and 1S4 Ihs -ft. 
(ratiiKs (.rart'as 0-141 ami 0-212) and oOO Ihs.-ft. 
(ratio 0) wiion tlyinii; at tit) ft. soo. or 4! m.p.h. 
Tho totsil aroaa of tho niddors aro 227, 241, 
and 108 eq. ft. ros}n»i'liv»'ly. i 

It is now po8.sii>lo to o.ilrnlatc tho Literal 
foixjo or yawing moniont ^diio to translation | 
on a moilol whoso dimensions aro givi-n, at ; 
diffei'cnt a^iglos of pr«senl,'vti<m to the wind, I 


f and with rudders sot at various angles within 
i tho range gonoially found in practice. 

! § (22) Latkkal Fokck , and^ Yawing 

. Momkvt di’k to Uotatk»n. — As has been 
! imln-ateil, tho aorodynamio lateral force and 
moment duo to turning are mr\\ and rN,., 

, w hen! w i.s the mass of tho airship, r tho angular 
; velocity, V’ the aerodynamic lati'ral force |)er 
I unit mass, and .\ tho total yawing moment. 

I There is, t»f couiho, a centrifugal force 
I acting, blit Ihi.s need not at present bo 
; eon.sidored. 

Nu dch* riidion of a direct experimental 
I nu'tho<l fui nbtaiiuiig tlu' value of V, has yet 
I been [uililishoil in Laigland, and an accurate 
[ detcimiii.iliuii of the total latcial font', and 
! lu'iicc the positions of oi|uilibriiim of an air- 
! .ship in ciiivilinear (light, is apparently very 

I difluiilt. 

[ A motliod (if o.dculatiMg this derivative, 

I using the results uf e\|)crMU(>nt.s both on a 
j model and on the full-scale airship, will l)o 
given beluw. 'I'lio results show tliat \,. may 
vary from afxuit 0 4V’^ to 0 7oV on a ship willi 
dilli'i’i'iit tin areas, uu the hare envelopo 
Ix-ing about OlV, where V is the foiward 
speed of tlh' ship. Fuitlier, the vaiiatiou of 
^ , with .mgh' of yaw is juob.ilily small. 

With legaid to .\, a description of the 
methods used and tho pnneiph's involved in 
determining it in tin* wind-channel i.s given 
in detail under “Model lv.\)H'nm('n(H in Ai'io- 
nuuties.” I'Apmiment.d rixsiilts mdieate that 
on a eompleto model of an airship tho 
tins aie re.ponsible for by far the greater 
pait of X,. as well as Y,. For exampL', on 
a model of K 21) with three ditTerent si'ts of 
tins of area tKM):)2. 0-0822, and 0 OtillO wp ft. 
tho valiK's of X',.;\'are 1 oI • K) -i, ).4p > lO-i, 
and 1-2:1 v lO -', whi'ieas on the hull only 
.N,/V i.s 0 . 10 -L 

Moieover, it the value of X,/V due to fins 
bo nslueod by dividing by tho ana of the 
tins and \,®,’ the eoenioients obtained are 
i:m- 10 3,4(14 10-3, and 4-2.4 X 10 L 

spomling eoell'u ieiits on other models lie 
III tho neighbouihood of 1 4 v. lo-^, tho noan 
value eom|iarable with tho mean vahiea dia- 
en.s.st‘d uImivo being 4-4 x 10 \ 

Mention may bo made of a mannor in which 
V,/V due to tins may Ire apjiroximately 
e.stiinated. It has lioen found in four eases 
'.viisidered that X,,Y, due to fins at zero 
yaw is approximately equal to the ratio of 
/Xfl/r.d to '■'Y|8/,’d when and a good 

first approximation to Y,/V on the complete 
ship may lie deriveii by increa.sing the value 

’'I y*-/' '4f^ained by 0-1. 

Finally, reference may l*o made to a method 
usiHl in Italy to determine the total lateral 
Ifrrcc and yawing moment on an airship model 

betw-etn the T.G. of the atrelllD 
luui the C.P. of the forces oa the flus. ^ 
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moving in a circle. The model is mountetl on I and 1 ?. If Y/ were known tlu* culoulation would 

a whirling arm, and the fluid medium in which j simple graphio dly, for, writing CKjuationy and 4 in 

the model moves is water. The values of j d*** h'mi 

and N,, are*ol>t<unt'd by taking the slope id the j 1 N/ , 1 

curves in which lateral force and yawing 

moment are plotted against r. (\dctdated i 

in this manner for an Italian non-rigid airship, ' „,ul plotting A' iv d Y against fi for any iwrticular 
tyjH) M, y,. was found to be of the order 0-0 V. rnddor setting tlu- inter^cMion of tlic two ourvps 

§ (23) The Determination of the Eqi’i- would guc mum di ndy tin io«iuinil \ulue of Jt and 

ijBRirM Attitures of an Airship in Cvr- ' f>uppo**«*'c'. l^'wc'er, tlmt wtre known, then 

VILINEAR FlIOHT FOR VARlOlCJS RudDER ; d*** “I-:- ^ h)Uiid iniiiicdiatoly. 

8kttinos. — It now remains to consider the rcr.->ii. An ajiplKation of tlio-^e \iilin-s of fj 

application of the results of o.xiierimcnts , (V/ 1),H, 

on models to determine the angle of yaw and "hfuce haiing d» tcniiincd fl the \nluo of is 
the radius of the circle in which the ('.(i. 


of an airsliij) moves, for any particular rudder 
setting. 

At the oiitsi't the asHuni])tion is miulo that 
these (plant itics are ind(']>endent <d tlie spt-ed, 
since the evidiuico of Sjiccd efleet on the lateiul 
force and yawing inonn-nt is nnsutlicient to 
justify the application of a systematic cor- 
rection. 

3'hero arc two conditions to ho satisfied : 

(n) The total yawing moment about the 
axis of -- must vanish, t.e. 

N/3 + rNr 0, . . . (1) 

where N /3 is the yawing moment due to 
translati(jn when the angle of yaw is 

{b) The total lateral force must he equal 
and opp(»site to the component of the centri- 
fugal force along the y axis, i.e. 

niYi^-f nirYf^in-^ WH — . ( 2 ) 

m being the mass of the airship, mYp the 
lateral force duo to translation at an angle 
of yaw jit and the component of \' along 
the axis of j: in steady’ flight. 

It has been assunienl that the forces and 
moments duo to translation vary as the 
square of the spi'ed, whence it follows that 
the resistance derivatives vary as the s{>ced. 
Further, a.s the values of ji hitherto encoun- 
tered on rigid airships are not greater than 
alxHit 7°, no appreciable error will lie intro- 
duced by putting = bo that at unit speed 
equations (1) and ( 2 ) may be w ritten 




. . (3, 

and 

V'r('V-1).0. . 

. - (4) 

where 

K' 


o«d 

V ' Y ^ 

y-. 



Since, however, no direct expcrimoatal method 
has been developed to determine Y/ it is impassible 
to deduce from these two equations the values of ^ 


Examjdes are given in Fkj. fl in wliich use 
has bci-n made of oh.sci vations of li obtained 
on flights in Airship It 2fl, fitted with thice 
(lifTcituit sols of lin.s.‘ The v.iliu-s of R 
calculatc'd as al>o\(' agico to witlmi o j)cr cent 
w'ilh the actii.il ohsiu ved \aluos. 

An inteicsling charactciistic of airship 
motion is evident from tin- figures. It is seen 
that the curve tliiougJi the p<»intH indicating 
the ])osition <<f (upnlihrium is m’arly a stiaiglit 
line through the (•rigin, and thus R/^ constant 
- K ; R. sin is also constant since ji is small. 

This constant i.s ajiproxiniately the same for 
the throe cases, hence it appears to dejicnii on 
hull chaiacU'ristics only.# If redured to a 
non-dimensioiiul <-oifli(ieni by dividing hy 
the (listaiK-e of the (’.F. of lli<' forces on the 
fins from the (' (h (,\,), it has Ix en found to bo 
nearly constant for R 29, 11 32, and R 33. 

Tiie physical significance of H sin ji ~ K is 
inh-resting. First, if t,, ho the component <jf 
V' along the axis of y in sU-ady flight, then 
t’a - - Y sin ji, and since rR V', rjr - constant, 
or the latio of side-slipjiing velocity to the 
angular velocity is (-onstanf in a steady turn. 

Secondly, the foot of the jicrponilicular 
from the (-'mtic of the turning circh^ to the 
axi.s of the shi[> is a constant distance from 
the (Mb Also, the axis of the ship will at the 
point always Is* tangential to a circle concentric 
with the turning circle, so that the value of K 
defines a point at which the side-slipping 
vehreity is zero. 

Thirdly, the distance of this point fnim the 
C.(i. Iwam a constant ratio to Xj from ship to 
ship. 

I § (24) Stability in Rkctilinear Flioiit. 

' — fiupjxise the total moment N' + N, 7 K at 
unit speed plotted against by symmetry, 
this moment is, of course, zero when 
If the airship oripnally flying straight ahead 
with /? -0 wore given a small displacement (i 
positive, then if the moment be jiositive at 
this small positive value of (i, the airship tends 
to depart further from the fKJsition of equi- 
librium ^= 0 , and e*|uiiibrium at fi=0 wcmld 

• See A.JI.C., R. and M. 676. * 
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\ h'i nnMtaf>l(*. 'Hu revr iso would obvirmsly Iw 
the if N'/i i N\/H were negative ut the 
Hiiiall (M»sitive \ alur 

'I'lii' cdfiijitiori of Ktaltiliiy ftui tlien }>c written 




Other Imnd. i N/ j - K j N»'| the two curves inter- 
Kelt at two otlier rt^prcHonting two equal 

and op|K>Hite valu<« of ft which define the attitude an 
airnhip unutable in rectiliiuur flight wofild take up 
III f»rdcr to fly with ita rudders amidships ; under 
these (oridilions the ('.(1. would no longer move in a 
slniight hue. 'I'he pjsitne \alue (orrtsponds with 
a turn to starboard and the negative with a turn 
to |M)rt. 

Similar < oiisideratioiiH npjilv to lateral force. 

Witli n-gard to llu" c<]mlibrnim positions with 
rudders im lme<i at the angles for which curves 
are given in Fig. U, the slo|)es of the curves are 
always such as to give stability. 



Hut Np' where N,. is one of the u.siial 

nwistaiiee ilenvatives, and hence the stability 
condition Un'oiues 



or since Mh S/ and are negativi* 

Nr" -K X/;. . . . (ft) 

Slinilarl^^from t ho latenu fon'e curves a I'orres ponding 
oorulition 

• j\V-l ..K V/, . . . (f*) 

The signirioanet' of the<u' condition* when applied 
to Fig. ti is simide.. When j N/ K | then the 
line I K plotUni against ft i» »ttH'|>er at than 

the curve - (niddef* uniidshi{w) and the 

two curvMi intersect only when ^-0. If, on the 


I At very small rudder angles on unstahlo ships 
j matters aie rather more comphcatcsl, and it is con- 
oen able (hat an airship may turn to starboard with 
the rudders slightly to port.* 

In pUoh .similar considemlions would apply, but 
both the is|iiilibrium equations 1 and 2 m that c^isc 
eontam gravity terms which do not varv' with speed, 
and in addition term* depending on the trim of the 
airship would bo introvlucwl. 

! ^ § (25) Stability in ruRvii.iNK.AR Flight.— 
j The criterion for lateral stability in rectilinear 
I flight, baatxl on the Matheniatioivl Theory of 
I Small Oscillations, is 

j ■ y.N,-N.(Y,-„.). . . (I) 

jl(Nee Xirt'raft, The Stability of/’ for a full 
discussion), with a similar condition for 
' 1 A R.C , R. and M. 710. 
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longitudinal stability. It may Ijo pointo<l out 
that if c<mditionH (.3) and (b) l>e satisfii*d then 
(7) is also satLsliwl. 

F(»r the nicuit gnienil motion of an airslnp no 
hiinplf stahility entrnon w a\!ul!ibl>‘. Tin* 
of thf problem on an e<jualion of the ei>ibth 

dej^ree, the ctH'flieients ui whieli are e\t'etHlm}'l\ 
cumbrous fun<’lJonM of the rt-'-e^tanee deiuatixe^ 
The c'aleulutioiis can, ho\u*\er, be coii'.iilerablx ^ 
simplified foi the ea-^e of tiiriuii>< in u lion/ontal 
plane, jiroval <1 that it U' aasunusl that the small ] 
lUotioiH m pil<h and roll can Ix' nej'leett'iJ. Smh ' 
ax^umjitioiiH are apparently justili.ible in \ lew of the I 
fact that the results of exfM'Minents on inodi'ls at /cm j 
anjitleH of pil' li and roll agnai with observations on j 
full scale, as far ns eoiuems the determimvtioii of 
e<{uilibriun] eonditiona. '1 he condition of stability 
corie.sjxaiditig with (7) may Ixi wntUui 


A- 


Xy Xp -f-rji 

3u /-o V„ 

N'a Nv 



0 


or X„A, , (X, ! r)l., i (X, t ro)A ,-0 


(«) ; 

I 

I 

(5>) ; 


fn this expression, X„ is negative, (Xt;+r(,)Aj is j 
lie^atlM, and (X^ t '\j) is prohalily negligible; i 
Ixith (d the l.e-t two termi vanish m reelilnuvir flight , 
and ft rtsluees to 7. j 

The two terms m Aj that vary rapidly with angle ! 
of yaw arc y„ and Nt, win ro | 


-'0' 


Vj sin ii + 


cos 




and similarlv for N and X. Niiice the angle of yaw ] 
fi IS never greaU'r tlian aljoiit 7 ’ the pns.tomiiiant term ; 
in the exiinssion in the hra<'Uets is eos i ,’f, j 
and this iiiereasi s with ,i On the other hand ] 
cos N^/{ ji dei'n’.i-ses with fi. Sec Fujt. 4 and .3. i 
X, aUo inerciws with fi, mid 3'r ■ u^,, if it vanes j 
at all, doca'iises with ji, so that I 

A|==‘\„Xr (3f-t/„)X„ j 

increases with ji. 

If tliendore A, 0 for reitilinear flight, .it will 
also he greater than 7ero for enr\ilineur thght, ami 
hence XuA, - (I. (X^ f rf,)A 2 is also less tlwn 

t), and then-fon' A 0. 'J'liiis if an airship Is- stable 
in rectilinear flight it will be stable in curvilinear ' 
flight, I 

The converse, hoviever. is not true, although i 
A|<0 in nstiliiear flight (i the airship unstable) 
it may be. and probatily always will be, greater than ' 
zero at the poMtioii of equilibnum in curvolincar 
flight, hence 

X„Ai - 0. ’ 


and sinco {X„+rf^)\ is always negative 


A- 0. 

A “ sufficient ’’ condition of stability in all cases 
appears, then-fore, to be ^ 

* Ai > 0, 

» Y, - 1/V{ - 2Yg cos ^ +sin pi^Yg/cfi)]. — A.C.A., 
il. and i/. 171. 


the values of the ru'^istance dtTiv'atives liemg taken 
at the angles of yaw' appropriate for e<iuihljuuin. 

V. Tilt: l)i.‘'Ttuin TKi.v of Pi{Ks.srHK 
^Kx. kiumknts on MoJ)Kt>) 

§ (2b) (»i.M;n\L, — i’roblenua nrise from 

tinn* to time for the sol.iliou of w Inch a 
knowledge of the ilis> ibution of normal 
|•l(^s.sure over (le- ni'^lii]! ^nvidojic is essential. 
Sueli prohUni.s in< liele, ni tlie < a.se of the iigid 
.iirsltip, e.ileiilatlvUis of the .sln'sseH in the 
stiiieluiv iiiising from aei’ody nainie enuses, 
. 111 ( 1 , in the ease of the non ngnl aiiMlnp, the 
analogouH jirohleiii of the delei ininalion of 
the nos(' stilTeiung leijiiitcd to prevent the 
(Mivelope Unng jiiesi-sed inwaids at high 
s|Ms‘d.s. Tin* Old y av ailahh' ('VideiiK* |•(*gald- 
ing tin* pl(“.s^llIe disinhijtion o\or tfu* liull 
IS that oht. lined from e.xpeiinients on models 
of vaiiou.s Ivpes of jui.ship foims. 'I'liese 
include models of the l*.ir.Heval ty|)(\* of two 
iigid airship fomi.s of a lathei nhsolote tyjK'*’ 
(with a long length of eylindiiiMl body and 
high resistance eiu'tlu lent ), and of a iiioio 
recent foim.* .Mention niieht l»e made also 
of a l<>s.s eomplett* s(*t ('f e.xpenments on .i 
noii-iigid foim of low resistaneo eoellnient,^ 
and of an oxpi'i imental and theoretical in- 
vt'stigation ® at /.eio incident e, (ontlintt'd on 
a seiit'K of foiin.s deteimmeit hy the conligiii’a- 
tion of the flovy (in ideal fluid) of a uiuforiTi 
.stie.ini jiiust a svst.eni of souk oh ami sinkH, 

Taken in ortlei, lour of thi'HC investigatmna 
tleal vvitli 

(a) am! {/») 'J'lio piessiire di.ntnlmtion on a 
model of the oiivelojH* only at vanouH Hjieeda 
at xeio incitlente, and that at one .spia'd at 
variouH angles of im idem t* over the whole 
burf.oe. 'I’he < iosh-sis tion tif the modi*! waH 
cinjular. 

(r) The ijfe.ssuie diHtnlmliori over the 
Hurfaec of a model with linw and without Huh 
ami care at varioiiH wpi'edH, angle.s of yavs’ 
and pitch, and a ft w t)hM*rviilion.s of tin 
pressurcNS. 'J'lie erosK-sect ion of tin* modi I was 
polygonal. 

((/) The pressure distribution on the envelo|)e 
only at various sjit'eds at zero iiicidcnix', and 
near the nose at one H|K5tMl and several angles 
of ineiden(«. 'I'he prexHure distribution over 
a Hpherrad as detei'mim*d by hytlrody narnieal 
methods is eompared with that determined 
exjierimentally. 

The investigation deHcril>c<l in the first 
three cases includes an analysis tif the*'reflults 
to determine the average [iressimwv on the 

* A C A., R. uiul M. J07, Fage sutl SO rii, 

* A C.A., H. and M. 240, Pannoll ami CampticJl, 

J916. , 

* A.RA’ , R. and M. 801, .fones and bell, 1922. 

* A V.A., R and 3/, 000, Jones ami Wllllanis, 
1910 

* Jahrbuch dtr MolorhijUtchtJf • HtudiengiueUtchafl., 
1011-12, Fuhrniann. 
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liiilj wJu’ii y44wwl, and tho lonj'itndinal and j 
lateral fonj^ <liif to uornoil [)n*MHur«*a. 

§ ( 27 ) d'liK MrthoI) ok I'^xioatiMKM The 
rtii*tlio<| in t'onitiion nm* fur di’U-rnuninj' the j 
proAMiJio diHti diiif Ion inay Ik* litietl) desi iilxd j 
fulluwrt. A piecr <»f Buft cuinpusitiun ur ' 
liyputiei niit! tiibinj; fwjilod at utit* end i.s iHM'rted ! 
in the aiiMliiji niudi-l IIiimIi with tlio Murfau*. ! 

are hured in the tnlie at puintH where ' 
the |»re«Hiirert aie to fa* found, only «'ne hole ; 
at a time heiiiK' left ojn-n. 'rfa* idher etid of | 
thi' tula* iM eonnect«'<l t(; oru* < ml of a t'hattock | 
manometer, the other wide <»f whieh ih c**!!- j 
neetiwl to the hole in the Hide of the ehannel. j 
It iH thuH posHihle to measnie the ditTen‘nee j 
bidwi'en tin' piessuie .it the hoh' on tin* model j 
and tiiat at the hole intlieHideof th(' channel j 
'I'he jnvsHure ie(jinre<l im the diiferf*n<'e In'twi'en 1 
the normal pieHHuri' at the point on tin* model 
and the .static po*HHUie m the ehanin*! at that 
jxnnt. lienee it is neeeHNary to apply to tin* 
olmel v/l1ioiiH taken a correction equal to the 
ditferenco la'tu«s*n the Htatic- pre.-wiiro over 
the surface of the model m the channel and 
the hole in the Huh . 'I'liis eoin'ction vauea : 
alonj' the ihannel (see § (ti)). j 

With a inudt 1 of circiilur crottH.HC4*tion with no I 
flas or I'ars, if Hiiflioisi to insert only one tuln> m the I 
liiodt'l, ptovnKsl the iiKsh t m iiiounied in the chHiun l I 
MO tfmt it can he rotated ahoiit ns <mn uvih and i 
nlxait an axis )s>rp<'ndi< nlar to it, and pro\i(hsl alao ■ 
that the tills' i-vlcnds aloin; the whole length of the I 
niidel. In tin* cast' of a rinxiel of polvgoiitd croas- , 
■tsdion, jmrticulaily when Iiiih and ». ti-a an* attached, , 
pitch and vaw arc not inU'O'hangeahle and tuhi'a | 
have to la* inserted at mti'rvals oxer the whole I 
surface, iouitecn tubes were iu*»sl in the cx|H'ri- ! 
liicnts on a us'eiit l_\pe of ship lefeired to uhoM*. I 
Allot licr metluKl, which lavs Ikh'ii usrsi for cxpcri- i 
inents on a kite halliHai nioiiei, is to employ a hollow 
metal model with holes bored into the interior. | 

§ ( 28 ) DKon ridM or FoiiM^<K,.si.sr\NrK, | 
la)NoiTuniN VI. Kduck, and Lvikkai. Fokck. 
Taking the origin and axes ns m ^ (0), let the 1 
iioriiial pre.sHui-o at any iMunl I’ on the surface j 
k'denoteil by /> ; and let the plane ^rOP make 
an angle 0 with .rOc, and r lx* the vlistance of 
1 * from Ox, then the average proaaurc at the 
HtKdtoii X -constant t through P) 

I 

The rv'Hultant pres.sure along Ox (J.c. the 
longitudinal force, or form n'8i.stanco if the 
angle iff yaw be zero) is 

/ ** I 

/ I I (/«/>. r CVS 0 its, 

Jo 

dn is the element of length along an axial i 
Bcotion through P, antf s, an' the value.s of 9 
at the Iiead and tail rApoctively, and 0 tho 


angle In'tween the normal at P and the 

aviH of X. 

Sime dr von f) cU, the above integral can be 
written * 

I ^ I pdp . rdr, 

■ 0^ ‘0 

wheie the limits Oj and 0, refer to the zero 
values of rat the }i<*il( 1 -iiul tail 

If the ship be a rolid of revolution whose 
axis is tile axis of x, then when the angle of 
yaw IS ’/,eri>, p ami r aie independent of 0 and 
the mt<*gr.il iedu<c.'< to 

(1 -0 
iri "p.d(r-) or / 'p.d\, 

• • "1 

A Iwing tho area of the section whose radius 

IS r. 

Now to (h'teimine the kitei.d foice and 
yawing imjnient, wi* mde Unit the component 
»>f p m the plane .<()// is /* mu 0 . Ht nce the 
resultant pre.ssuie iri the jilane jOy on the 
cro.Hs- sect ion thiough 1* is 

- I p nin </). rd</>- - I p.dz \\ 

'0 *1) 

where is tho maximum valm* of : at the 
seetion thiough 1* (i c, the radius). 

The resultant lat(*i.il force is 

I Psindd-i / P(/x. 

Jet 'r, 

Similarly the yawing nnunent is 

E.xamplcs ere given below of the natute of 
the quantities considered. 

§ ( 2 U) Avk.kauk J’kes.sdhks and Lonoi- 
Ti'DiNAD Fom.’K. Skin Fkution.— i-’i;;* 7 

show's the aveiage pri\ssuivs on a model of 
a ngiil aii-shii) m the absence of fins and cars 
at angle's of 3 aw* of O', F', lO , ami 15 °. The 
curves ina> Iw* taken as repix*senting the ty{)e 
of distribution whieh had been found for 
models of airshij) hulls. In those with bluff 
heivd.s and tivils the eUanges are confined to 
shortor lengths, whereas for inoelela with 
liner c.xtremiti'^s the region in which the 
pressure is changing, is extended and the 
curves l»eeomc less stt'ep. An interesting 
feature of the results is the deereaso in average 
pressure (i.e. an inerease in suction) with 
im reasing angle of y^\ 

The determination of longitudinal forte 
results in the conclusion that the force due to 
normal pressures approximates to zlux). A 
result of this nature indicates the impossi* 
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bility of ojiloulating the n'wistance of a Htreain- 
line boily by the uko of a “ 8kin-frn'tion ” 
cvwrticieiit determmeU on a plane surface and 


friction -'oofficient determined at N.P.l-^ in a 
pit'll ex|>cnment on plate glnsa, the 
calculateil it^^istanco nas found be of the 



aHsuined fo iIcjhmkI only on (ho n)Uj'hnosH (»f 
the mirf.o 

It follows from the < xponment (jUi>t<*d al>o\e 
that tlio wliolo loHi'jtaiifo of the Ixsly under 
consideration is due to the tanj'eiitial font* ; 
and sineo tiu* ri‘siHt<m(.e ^a^(^s creatly with 
changes of form it is evnient that thr xkuH- 
Jrivhott e inll (Uptml on tlw form rtf the 


order of IwiK* that ineaHiired in tlie w'ind 
I i haniu'l. 

§ (.‘M)) AND VaWINO 

Momknt. The distiilmtion *f resultant prcttS' 

urea — if. I %>dz {i (2S);--]»lotte<l apiinst x 

, -fo 

\ iH show'll in Fir/. H at dilh'reiit anj^les of yaw. 
i 'I'lie latiTal hint' derivi'd from an integration 



body. In this eonnecti^tfi it may be of interest 1 of those curves is also showTi in comparison 
tR mention a calculation of the resistance of • with the lateral fon’C obtained by moasure- 
a body who.se coefficient of resistance, deter- w ments on the balance. The aj<reement is 
mined by direct measurement, was 0'007. showm to be remark*ably good, and indicates 
From the surface area of the body and a skin- j that the lateral forceps due entirely to normal 


VOL. V 
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pr(*ss»n‘ and not to hkin friction. The wiino 
AKr('em«-iit ilw) oI)Miih f»i‘t\v<‘en th#* moments 
derived hv two itiel liods as above It Hhould, 
|K'rli.i(H. lie iMcriti.ined hire fh.it in the i-uHt; 
of flic ex|>eniiierits on tlii- I’lirseval and on 
the older iii'id aiiHliip MHidels flu* inle{'rat<*d 
lafeiul fotee does riot ueree wifh that niejiHiired 
to the s.ime detfiee .is the ahove. TilW may 
Im* due to a peeiihar i fiajaeterislic of the 
hull under test , tlu' lati-ral foiee per unit area 
is rather less than the mean uiven in Vvj. .*1, 
ii(lH). 

§ (:{l) Si-Ki:n Ki'KKit, <'ut Kr'rMT, and 
Kin K.Krhrr 'The pK'ssuie eoellii lent iloes 
riot ajipear to vaiy eonsistt ntlv with .s|)eed, 
except perhaps near the till where the eo- 
ellieient dei leases 

'riie elleet of ear's and hns is .small 
except 111 their imiiiedi lie neij'h hour hood, 
and the iiite^'ial.s are not greatly a II ei ted 
there hy. 

§(.'{-) f oMevuisoN wirn Ih inionv s win \l 
'I' llKoin. In the lepi.rts refer re«| to m CJti) 
it IM hIiowii fli.it the pressiiies oVer the foiivard 
end of a Htieani line model aipee \eiy well 
with those I'lleidated from ideal (liiid theory. 
'I'lie Jiareemeiil lueaks down lomplelely near 
the after-i'iid, In the east* eoiisideO'd at tin* 
N.IM. (viz a spln't'oid), aaieemt'iit wtis i^ootl 
for ahont three fomths of tin* lenulh of the 
Hpheioid. Moieov?!. tin* piessiites over .in 
airship lieatl whose foim npprti\niiatt*s to a 
npht'ioid nur(*e with flu* (hi'ort'tieal pie.s.Mit('s 
over the sphr'itud, ,iii<l it is eonelmit'd that 
the l.ittt'r can In' used for in».so slilleniufi 
ealculatioiis 

§ 'I’liK I'rsTHiurrtoN ok I'ukssi iik in 
CuKMMNrvii Ki.ioiir It is to he home m 
mind that the speemieii euivt's shown m /'/t/s 
7 and 8 .ipply to an .iiiship m puiely li.ins- 
lational motion Tlu'se euives nmh'ico .in 
appieeiahh* moditleal ion whim the (lari, slat ion 
IS rissoeiated wilh lotatioii. Xo e\|H*tniieiit!d 
data are av ulahlo to mdieite (he iiatnro of 
Much a modilieatioii Tin' foi|.o\ina method 
of e.stimaliin; the foim takt'ii hv the eurvt'S 
of Fiij. S in .ste.idv i inlmir tlmhl Inus l>cen 
snUl't'sled ' 

It has Is'eii shown tliat the area.s of these 
curves nive the lalei.d foiee due to translation 
and that the areas of a eotrespondiin; set uive 
the yawing' moment due to t lanslatioii. X’ow, 
knovvin^f \ , V due to the hull (-2)), and, 
from experiment. CN’r \ dm to the hull, the 
total foree and moment m eiielm^; tlij^ht can 
be dediieiNl. llavit»fi deeiib'd on the valmvs 
of r and .i (§ {2,‘l)), let the euives of distribution 
of ivsultant pressuix* for (he appiopnate 
with r d be so mudilietl a.s tii ''ive the 
eorroi't total lateral force and v awing mninent. 

' A R(' . It. »>ui \f. 780, Aoroitynanilc 1^'s.siire 
on ail Airship Hull in Curvilluoar Fligtit," Jones, 
1U21 


Thus a distribution of resultant pressure 
consistent with the known resultant force 
.ind moment is deiived. Assume now that 
near the nose of the model th^ pressures 
ealeul.iled by juirely hydrodynarnical methods 
for pure tianslation and for combined trans- 
l.ition and ndation bear the same relation to 
eai'h other as ui actual Ilmds ; find the press- 
ures (in the tivo ideal Hind eas(*s) over the 
sfiheroid to wliieli tlie lead of the airship 
moilel afipioMiiiates, and u.se the resulting 
curves as a guide m drawing the pressure 
distiibiition curve mar the nose of the model; 
the knowledge of the resulting lateral force 
.iml moment will probably then be sufticient 
to limit the wliape of the curve for the 
remaindei of it.s length to a reasonable degree 
of aci'uraey. 

Ciirves A, (', and 1) of Fiy. 9 show the typo 



Half Sccnoit of Hull of Moriel 


Fro. 9 

of curves obtained for an angle of yaw of 7’,V. 
Cilive lias been obtained fioiii Fif/. .S by 
interpolation, and repre.sents the resultant 
piessure ilihtiibutmn m rectilinear motion 
(1 0), Curves C and I) are euives obtained 

for eurviline.ir motion and give* the forreet 
t*»(al force !’nd Mioim*nt, use having Is'cn 
made of theoietieal ealeuliitioiis on a spheroid 
in determinnm tin* hitter eiiive. 

It may he iiierilioiu'd that a strip theory ” 
applied to the uiiNhip hull appears to be 
lui.soumi It gives a vudiie of due to 
Inil! whiefi cannot be lielievcfl, and a value 
of t'Xj. <luc b> bull whieh is di>uble that 
obtained exiH'iinientally. (.See curve B of 
Fu/. 0.) 

§ (;i4) I’RKssi'HKs ON the Fin.s.— In con- 
elii.sion, mention may bo made of further 
ex|H'iiments cmiduoted to determine the fin 
presHUiws on a model of another recent ship.* 
riie rv'sults continn the comliisions baaed on 
experiments on full scale, and together with 
the observations refmvd to in § (20) show 
that the pi-essures inwaae rapidly with angle 

' J. R. V. ‘ 

' R, J. 


A./iC ,It. a fid M 808, Williams and Bell 
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AIUSHIPS, UVT OF, UNDER VARYING 
* UONDiriONS 

Tilt: hunyuncy •>! Jin aii-Hliip <le|K*nils iijum the 

wt'iillit ' >f HIV (Inpl.u (mI liiid liio w tMijIit < if t lu' whip 
utul thf jidH .she Tho v.ui.ttinn wliii'h 

most iK t'rt the lift of tlu* t^lup ij*, thoro 

foi<\ tli/it of tlu‘ ilcnsity 'd the hurroundinj: ;ur. 

If (1) iiiurioN OK Atmosi>uekio(’osi>itions 
WITH Hhioiir ft ib> ('ominoti kiio\\l<Ml)»o lhj\t 
tile jiressuiv iind teni|MTiitim' of tiu* atino- 
Bjihere at sei le\el vary "itil time and pl.ire. 
So aldo does tla* i.iU* at Mhu h these qnantitiea 
vaiv with heijilit. 

If tlic vanition nf tein|K‘raliire with heiyht, 
and the sea le\el tetiiperat ui e aiul jiressuit', 
are known, the pre^'.iiie and density of a diy 
atin(M|i}ure at alt luaghts are also known, 
sinee we !i.t\ e * 


i/y. 




(//' 

HaT’ 


and then-fore 


It 


':lfl 

'I” 


I gl'ncraMi adopto<i at pnwnt in a mean of a 
! largt' iiuinlHT of olwiTvations nuulo oyer a 
long jK'rioil at u nginixn of stations in the 
I south-east of England. This slandaixl Inus an 
J im'gulur lenijKMatun' grailient It is given 
in Tahle X. of fVro/»Ay.<t. n/ No. El, 

n-fened t^i als»\e: also in Ht poit.^ au<i Mt inar- 
i atu!<i. No. oOft, ol the Aeioiiuiitieal Rost-anh 
I (’oniniitt<*e. 

I riie e»)n\ent» >n on whit » l-!nglish altimeters 
j (aneroid harometers graduated in height) are 
1 ruhhrateil is that of an uniform temperatim' 

I of Rt at all heights. This dilTers eonsi«ler- 
I ahlv fiom aveiage eomlitions and from the 
j *' .staiidaixl ” atmosjiheie just dost rilxHl, I'lie 
i ust‘ of the asMimptioii of a eonstant tem|x*ra- 
tun* of lo for this jaiiposi- dates from a time 
when few ndiahle (dtsei \ ations of the ujqier 
ntniosjthert' wen- a\ailahle (see litpitilii ami 
M etnoromht. No. tiRt, Ai-ronant n al Researeh 
(’ommittee). 

|}|2) Eirr or w Aikmih*.- Tlie “ lift *' of an 
unship us tlu' dilh'feiue helwei-ll the weigdd of 
air displa<-ed l»y tlie gas and tin- weight of 
the gas itself, and is given l.y volume oeeupu-d 
by the gas < (density of air -• ileiisity of guK), 


wJlere /I IS till- pn ssnre n' .ui\ h» ighf, 

T IS .tiisdhiti ti-iiip* i.itiin , 

It,, ilu- " giis consUiiit ’ for .nr (/> K//r), 

/. IS h.ighl, 

7 IS ,i( i fli r itinti due to gr.o tt_\ , 

/J Is di-ll-ltN 

'riie tempei lJuie iisiiallv (l<><'re;n-es with 
iin rease of lu-iglit ,it a mean rat<* of about 
l \ to 2 pel 1(MH» fe('t up to ,J>out Ilo.tHH) 
fet't ah'oe sea-level, lieyoiitl which it is almost 
independent of height ami has a value <-f alsiut 
22tt ahs. (hainuK-) 

Till* tem|M>iatuie gr.idient, however. vatii'S 
coiisideraldy, ,ind is frequently revemid in the 
lowei 1 . 1 vers of the atmospheie. 

Hnnu<lit\ of the atmosphere causes a de- 
ere.use of liensity. 'J'his elTect is usually tieate<I 
as negligihle in Euio|k', whilst it causes an 
apjiieeiatile dei reasi* of ilensily neai the ground 
in tropical ehmates.- 

Iri e.ins<H|U( IK e of these variations of 
atmo.spheiie temperature, jiresanre, and density 
it IS usual to adopt a eonventional atmosphere 
for jiuiposes i)f eom]iarison and preilietion 
of aircraft peKormanee and for calibration of 
barometric altimcti-i’s. \'anous such conven- 
tional or “ standard ” atmosjihen's have Iieen 
propo.si'd and a<lopted by varioius authoriticfl 
in different countnes. In some of these an 
arbitrary and uniform tem}s*rature gradient 
with height is assumed, intendcil to represent 
average conditions in ^he region conceme^l. 
In England the standard atmosphere most 

' S«s' artirlf “ Vtmesphcrc. lM)vs*es of,” Vol. HI • 

• Sec “ The I'haracteristii s of thi* Frei* y\tnio- 
sphcrc.” Ofophuxical Mrmoirft, No. 13, published by 
the Vletcorolugieal Ufllco. 


D't V be tlu- tiit.d voluiiif of the gtiH hags wluii 
comploU ly disti lull il 
]! Is* the pUKi'Un of air i-r ga», 

T Ik* tlu* aliHolut* t< ni]H‘ratur<>, 
l> Ik* flu (I» iiMl \ , 

K Ik* the gas < oi>t4 li( — ]i '1'^', 
and let the buIIu o nfer to air, 

</ n fi r to gas, 

I) If fir to sell level condif loiiKfor (ho 
“ standanl itniohjilu-n-, ’ 

Also i« t A p '/rt'-;>T,, /»,'!’ relatn e detiKit V, and let 
Si, Ik* (lu- value of (he n*l,iti\i- i 1 «jihi(v of the gan 
at wliuh a givn inas'^ of gas in an airship at tin- lime 
eoiihuh-n-*! toinplilely IiIIm the gan-baga. 

1'hen the “ lift ” )K*r unit weight of gas* is 


and the total weight of gas is 

BO that the lift of an airship may be expressc'd 
as 

Vpa , fR/r, I 
R/I'o M r 

which may Ik; wntten in the form 



* Sec also ” Flaromelors an<l Manometers,” M (16), 
(17), Vol. III., and " Aircraft. I'erfornianc^* of,” j (g) 

* The difference iM-lwfcn the mean almointc 

pressure of the gas in an ajrsh^i and that of the 
siiiTonnding air U small and Is usiiallv dtsregiirdMl 
In lift caleulatlons. l^e different e will not, usually 
oxeccsl 1 millibar for rigid airships, or 21 millibar^ 
for noD-rlgld airahlpa. • 
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AIRSHIPS—ALTIMETERS 


HtTc tlie trrm (1 (K^/R,)) (Jepcmls ui)on 

thr (/iiality of tin- lias. 

donoU-d l)y K, the oxpron-ion for lift licoinrH 
V/w^»[ •y.’io.-.K I . i-\) 

It f«»r [mt'f' | 

'Hki fai’tor K in iKsually ti'iMiial tlio “ jmrity ” I 
of tlu' ^'an. Alti'iiiatn cly, if a ho tlu* i itio of 
doiisity of artual ^ois/dotisily of puro hydro^'on, 
tllO llfl IM LJIVl'll Ijy 

(XWotr). . .fit) 

If wo Ji'JHUino tlio di-iiHity of tho air to ho 
•073 11 ). por 0 . ft., that of puro hyiltoyon 
•(K) 4 >.J U). p(>i 0 ft,, thou at a prossiiM' of 
30 mohoH and a (om|>oratuio of 00 ' K. tho lift 
will bo 71 lh.H. p(‘t l(M )0 c. ft. 'Fills, howoviM, 
istoo^nvit, for tho hydrofoil is noviT fniu', | 
and fot doHi^rn puiposi's a (iaiiro of 08 lbs. fsT | 
u. ft., whii’h oorrospond.s to a punty of Do-n 
|MM- oout, is usually assumoil and in found to 
bo fairly rcprosiMttativi' of tho oonililionH mot 
with ill airshifi piaotiuo. 

luHpootion of rtio oxpro^Hioll (A) or (B) I 
jrfiow.s that : 


[ n (3) SiTPERHKATiNG.— In pratticc, with the 
I prt-aent ty|>e of ouU*r rovor, the toin|jeraturc 
; of the gas may be as much as 15° 0. above 
i that of the air, A dilTercme or 5“ to 10® 
is cfunmon. 'fhis flUjierheating of tho gas is 
chiefly duo to solar radiation Inung absorbed 
by the mateiial of the gas-bags and thence 
transferred tt> the gas l»y condnetion and 
convection. When a ship is flying under 
given conditions the temiATature (if superheat 
ineroaH<‘H until the rate of loss balances the 
ratet of absorption. 'Fhe .si/e of similar ships 
does not alter tho temjiorature of equilibiium, 
but inerea.se of size mereinses the time taken to 
leaeh this eipnlibnuni 

Another cause of tempor.wy su|K‘rheating is 
rapid u.seent and descent of an .uiship. 'J’he 
eon.s(M|nent rapid evpaiHion or eontraetion of 
tho gas takes place under conditions approxi- 
mating to those of .((liabatic ihaiigc of voliimo. 

I Mic adiabatic rati' of cbangi* of g.is tenijiera- 
I tuK' uitli lu'ight ord'Fy,'(/A may be sho\ui to be 
! 1 / 7 )T„/'I'j, MhcK* 7 IS the ratio of 

Mpecilic heats of'tlie ixas, h is Inight, and tho 
rt'inaining symfiols have tiu' meanings |)r< vi- 
oiisly assigned. 'I'lns h appio\imatel\ 3 ('. [>er 
BHM> feet for a hvdiogen tilled ship m air. A 
rate of change of 21’(’. per ItHK) f(>et has 
hoen (deserved, ulu'n othei (..nditions have 
h<‘<*n such as to maintain 'F,, 'F„ (onstant 

(llu'cjir tc'inpt'i at III e giadient i>n this ('ceasion 


(i.) If tho latio of tl’(' ti'inpi'iatiifos of tho 
gas and of tlu' surrounding air bo constant, : 
tho lift of an airshij) will bo constant so long ' 
an no gas is discharged (i.s. eonstant). ! 

(li ) VV'licn tho ship rises above tho height i 
at which tho gas-bags bt'comc full, gas must bo i 
discliargod and thi' value of is tlu'roby ; 
redueod. As the ship contmin*H to rise tho i 
value of A,, falls ott in tlu' ratio of p to 'F^, 
and tins is propoiiionul to p/'F„ (still aasum- 
ing 'F^/T„ to ht' eonstant). Ilenco the lift 
dceieases in proportion to the density of the 
displaced air. 

(ni, ) 'Fhe ('tlect of “ supi'rlieating," i.c. rais- 
ing the temjK'i’ature of the gas above that of 
the air, is to i’uu.s«' an increase in tlu* voliiim' 
of the gas and thendoro in the weight of 
air displaced, tho weiglit of ga.s nunaining 
unchanged. 'Fhis |)iodiiees an ineroaso of 
lift given by \V„^A*('F^ ^ which is 

independent of the density of the gas. 

(If, however, a ship Ih' just full of gas. and 
tho gas tonnK'raturo k* hicivasnl l>y 
whilst <he temjierature and pirssuro i>f tho 
ftir i'enn\in unaltert'd, tho resulting ineix'ase 
in volume of tho gius will Ih' discharged through 
the automatic valves and the alteration in lift 
will Ih) a small im*roase eijual to the weight 
of gas lost, wliich is 



was q (’. ,K'r l(HM) feet, and the lalo of 
d('.seent was 250 h'ct jicr mimite.) 

Supi'rlu'atiog by s<>lar mdiation is usually 
disadvantageous m flight on account of ibs 
fre(|uent variation Ri'pi'ated diMbaige of 
gas and ballast alternatndv is dearly un- 
eeonoimeal, and in juaetice tlu' excess or 
detieieney of buovaney is met by an aero- 
dvnaniH* lift vdiieh i.s olitained wlu'n the axis 
'|f the hull makes a small angle with tho 
lino of flight. When, hoNvever, the hull of an 
airship is acting a.s an aerofoil in this vay the 
resistance to forward motion is aporei'iahly 
inerea.se<l. 

K M. u. 

-AiK.sim*s. eqnilihrmm of, (Conditions of, and 
del('rmination of po'-atuuis of, m curvi- 
linear flight. StH' “ Airshi])s, Kxix'nmont-s 
on.” § (lM). 

Performamv of. See “Aircraft Perform- 
ance,” § (10). 

Stability of ; mathematical treat mnit. Soo 
“ Aircraft, '’’ho Stability of,” § (13). 
Altimeter: an instrument, working on tho 
prmeipio of tho anomid barometer, designed 
to indicate the approximate height above 
ground. See “ Aircraft, Instruments used 
§ ( 2 ). ^ 

Altimeters, errors of. S('e “ Aircraft, In- 
struments used in,” § (3). 

V'ariatiim of pressure due to the spiced of tho 
aircraft. See thid. § (3) (v.). 
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Altitude, effect of, on ijmition aircnvft 
©nifines. Rf^ “ Kupines for Aircraft, 
EfTeot of Altitude,” § (5). 

Effect of, <»n cylinder c(K>ling of ain'nift 
enpmes. See ibid, § (i\). 

Effect of, on fuel eonsunipticm of aim aft 
eripmcM, Stv Ibtd. § {.‘1). 

Effect of. on j>oucr of aircraft enpinoB. Se<* 
ibid, i ( 2 ). 

ElTc'ct on carluirafion of ainraft enpines. 
ScMc ihitl. ji (4), 

Anolk of Vaw : the angle Indaveen the flight 
path and th«‘ longitudinal a\iB of an 
aeroplane or aiiHhip. 

MeaHuretnenf of, on airslupH in flight. Sc'O 
“Airships, Ex|)erlm»MitB on,” § ( 1 1). , 

('alcul.ition of. from ex|M*rnnentiB on iikhIoIs. , 

s<*f‘ ihid ij (24). j 

Vsrr.cT Eatio. Sis* “ Aeroj)lan<% f'onii>on- ' 

ent Eaifs of.” 1 

ATMosIMIElUr ELEfTEK'ITV, PROTEE. ! 
TI(i\ OE AIRSHIPS AND KITE 
RAId.DDNS FROM j 

A VI !o v onsiderahlc ch'ctric.il dmeharge may ' 
pass throuudi a kite balloon or an airship if j 
ni<*('ierl to the gioiind h\ a .stei'l vire, due to | 
the jiotential ditTcicMKes in the atmoBjihere 
or to a poteMtial dilferencc indmed hy a dis- 
charge in tin' ni'n.dil»oiirliood oi liy a diroc't 
liLrldning stroke'. 

'I'lii'ie lire two riK'thods of endeavouring to 
avoid daniML'e hv siu li a discharge. OiK' i.s 
to insulate the s\stc'ni as far a.s posaihle, the 
other !•, (o make the w hoh' system a good con- 
diK'tor so that (he discharge pasHc's without 
harm. 

'I'ln' first svstein is difliciilt liecau.se the 
voltagi's aif i xtrciiK'ly high, and the insulators 
must hccoiiH' Met under certain ciix'Iitii stances. 

0. T. R. W ilson givi's tho jiotential difTcrenee ’ 
which prohahly cM'^ts m the neigh hourhood 
of a thunderstorm as 20,000 to 2O,0(Kj xmlts 
IH'r metre or one-hundredth of that Mhich 
Mould Iv neci'ssary to pniduee a direc-t sjiark. 
The insulating gajis which would have to he 
(iresorvcd in the eable of a kite balloon thing 
at Hay only 2(K)t» ft. would have to 1 m* equiva- 
lent to rn air-gap of 20 ft., and therefore Ix*- 
corne almost im])ractieahle. 

The fM'corid .sv.stem i.s the one most uHually ' 
adopted, hut in order to obtain safety it is 
most neeessary that the metallic eircuits ' 
should Im' as thorough as possible, not only m ' 
the case of the direct pjvssage from the highest j 
point to I he ground, ^*ut betwc'cn all isolated ' 
metallic jwits of the system such as valves. 
This method ha.s the additional advantage 
that, the n*sistancp of the system lieing smal\ 
a continuous discharge can take plac'e, and ■ 

* See “ Atinosphcri.' Eleetrleity,” § (23), Vol. III. ) 


j thereby ie<luoe the danger of serums at'cuniuia* 
I tion of jMtUmti.al diffeivnce. 

I § ( 1 ) Kite Baj.loons.— I n the eatw' of kite 
' halhu)n.s as ii'-tsi on service gi’caf- cart' was 
! e\ercisc<l to earth the lower end of the cable 
and to ImuuI all parts of tin* rigging. It was 
I still, howcvci. fouiul that in spite *>f these pri'- 
I cautions the envolojM's were fixsjueiifly stniek. 
j Dbservatio.i sle w'd (h.i in the casi* of many 
I KilhMUis deslne ci<*n wa; due to a disc barge 
I whicli was ( itlu'r in luceif by a lightning stioke 
' 111 the neighliourhood or moiv fre(|ueMtly was 
aKs<t('iatf<l with no visible (l.isli at all. Destruo- 
tiou hy a diit-ct flash to tlie balloon itsc'lf was 
very rare. 

'I'he conductivity of the eiivi'lopc fabric was 
I'xamiucd, nml it was asccrl aim'd that the 
suifaee, which is ooAcrcil with jiarticli's of 
ahimmium su->|M'ndi‘(l in ruhhi-r or dope, was 
sulqoet to a kind of ( ohert r cfh'i f ; the eiccf rical 
resistance I'ould he <'lmnged from a compara- 
(i\*'Iv low \.ilue almost to infinity hv a dis- 
charge 111 the m-iLdibourhood. I’he presence 
of ,i film of moistuiT on flic mnci sui-faii' of the 
fahiie mav also ha\i' fonu'-d a somewhat 
erratic ••<iiidu« (or, and caused tin* discharge 
to pass into the mti'iior of tin balloon. 

Di.schaigei hands wcri' then'forc fitti'd with 
shaip diH< haigi'i points, and wi'ie placeil over 
the Iiighest jioint of the balloon with good 
' metallic' coimcrtcns leading down to t!u* wire 
; rigging, 

i 'Plus system was ap]>he(J to a numhc'r of 
balloons ami was found to Is' ('ffective, but 
the expc'riencc* oldainc'd with it hcfori' the 
\rmistioe was not suflicicnt to allow tho 
) H'siilts to bc' rc'garded as com luMve. 

I § ( 2 ) Aiusnies. - 'Plu' caw' of an airship in 
I free flight is sonu what chlTc'icnt, because hIio is 
I not connected to earth A discharge through 
her is oiilv likc lv if through being a condiu'tor 
* she re<Juces tin* icHislaine hi'twoen tw’o cloiirlB 
or two [Munts between which a considerable 
potc-ntial chfferein-e (.xists. 

All parts of the* Hlnictun' of an ainihip are, 
in any case, c*h'ctrically hc)ndcd as thoroughly 
' as possible. Ix-caiisc' this is nec 1 ‘HRarv in oidt'r 
b) avoicl dangrr from sparking induced hy 
the shiji’fl AMrcIcBs. 'Phis lM)nding must lie 
earriccl out with care and great thoroughncBB, 
and it iH important that the bonding wirea 
should lie led as direct a« jiossihle and not 
cnilecl into a Hjiiral, as is frequently done in 
electrical work. The inductive resistancp of 
Huch a spiral may render the bond definitely 
<langeroua, 

('onsiderable warning c,f the pjescnce of 
electrically charged elouds can lx> obtained 
from the “ atmosphericH ” heard in the wire- 
leas inatallation. When thesj^ “ aimeespherics 
become exceagive, it is di'sirable to wind in the 
ship’s wirelcHS aerfal, which ncimolly hangs 
down a distance of leveral hundred^eet. 
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Th/hch linvr r('f)i)f(<-«J in which a flarih 

to f'jutli fiiiH talxi-n |)I.i(c fiom tiu* n*i>o which 
H /irst rlrr)|t()c<l when the aiinhij) lands. In 
certain liiscn the lirst man to touch the c.ir 
of the Hhip has received a whoi-k, if the rope 
haw not heen fuevioiisly drojipc*! or if it is very 
dry. It i.s not thoiij,dit, liowcvcr, that the ahip 
carncH a t liuri'e very lontr, us it is prohaldy 
rufiidly diHpcrwd throiii'h the hijihly ionised 
cxhaiiflt if the motors are riinnini'. 

SeviTuI airship officers have r(|)ortf'd vi.sihle 
flaslu'S in the immediate nei^dihonihood of 
shijiH in flil'lit. In some cases the wireless 
aerial has Iwcri hnnit wlu'u not hauled in 
fliilfii-iently (piickly. A eh'arly visihl»‘ flush is 
reported to have passi'd from end to end of one 
ri;;id airship. No lire resulted, luit on landinj^ 
it was foiirul that a hole had heen fused in tin* 
how [ilate and that the yirdt is winch earneil 
the jilate were fused to'^idhi'r. 

A ri}/i<l airship sei ured liy the how to a st(>el 
rmist I'oile out a h^htuint.' storm of i(uiie 
cvxi'eptioiial intensify with vi\id lln.she.s of 
lij;htnin;f quite close to the ship A noii- 


ri^d airship flying on the outskirt.s of the sarae 
st<»nn was destroj^d by fire in cireuinstancerj 
which w'ere not of course cxrilainiyl, but were 
very jioasibly of electric origin. 

The danger to an airship from atrno.sphcric 
electricity therefore appc.irs small, (-.specially 
if tho structure of the slop is of metal and all 
fiarts are corretdly bonded. Tho princijial 
danger from electric storms jirohahly ari.sea 
from the very violent atmospheric disturb- 
ances which accomp.iny them, and are liable 
to damage tlie ship mcch.inically, 

S.-e al.so various r(‘[)orts to Advisory Corn- 
niitt(‘e for Aeronautics, 1019 and 1920 

T. H, c.-ft.-c. 

Attack, Asoi^k or. Sec “ Anvr-aft : Kv- 
plaiiation (»f 'I'erms in Common C.si-." 

Arro-RoTATros of Aircumt See “Model 
Fxpenments in Am-oriantics,'' ^ (S) (v.) 

A\rs OK Kkfkiif N(' r, ion Airchmt Sec 
“ Ant laft; I'Aplanat mn i»f ’I’erms m ( 'otnmon 
I'.st' ’’ ; also “ Airt raft, Stability of," jj (2). 


- 1 

Baij.ons - SON nii; : small halloous simt up 
with instrnim'tits for taking mch-orological 
oh.s('rvat itms S(H' " Airciaft, Instruments 
usctl in," § (2k 

llAi.r.ooN I'amuics, |H'rm('ahihty of. Sc(' 

“ Difl’nsion flirtuigli Mt'mhiam-s,” § (I). 

Hank, Anoi.m of. Set' “ Aireiaft : I'Aplana- 
titm of Terms m Common I’se " ; also “ Air- 
craft, Stability of, ’ § (2). 


> 

Biosni-Vti Momkni's in Wino Si-vrs nr i; to 
Norm \ i. Lovdino. See- “ Aeioplanc Stnic- 
tnrt's, 'riieoi v," j ( lO). 

Hfndinu of Si*\ks in Ih.wi; of Wino. 
St't' “ Aertqd.me Stnit-liirt's, Theory," 

I’tnuu.F, SiATW’i’s \s rsi;i) os AiRcu^h-r. 
St't* ” \ireraft, [nstruments nst-d in," § (1(1) 
(m). 
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CaMHKATION FliUt'llS IN Aihcumt In.STKC- I 
MKNTS. St'c •‘Aircraft, lustiuments usctl 
in,” § (3) (III.) 

CAMnuATit'N OF Ai.timftkr-s ; emu's tiim tt» 
variation of atmosjiherie UtmjH'raturt' and 
prt'ssure. When eulihrating altimeters st>mc 
definite assumption is miult> regarding the 
variatitui of pressure with height; if tlu'si' 
assumed et>iulitit>us di> not occur it ftilltiws 
that there must, lie an error in the instni- 
ment rt'atling. Sw “ Ain'raft, Instruments 
uw'd in,” § (3) (iv.). 

CAMHKHf. ScM' “ Aertrplaue, Ctunismont Parts 
of." . 

Chord of thk Wind. S('e “ Aeroplane, Com- 
ponent Piifta of," 

ClHKMATOORAril rAMRR\, the USO (»f. Ill full- 
scale research on aiwoplanes. Stx' “ Aero- 
dynaink' Uoseareh, Full Scalo," § (24). 


Ci.imhmftkr ; an mstnirni'iit list'd on aneraft 
for iiiduating tht* laU' t>f t limb at any 
nitunent St't* “ Atutslvnarnie lh*.S('a’‘< li, l’'nll 
Sialt. " § ((>), ami “ Ain laft. Instriinu'iits 
UM*tl m," § ( 1 ). 

CtlN.STVNT - FLOW mctlusl t)f tt'sfltlg hilloOn 
fahnes. St>o “ Diffusion through Mem- 
hranos,” § (t>). 

Constant - VOLF ME metlunl of testing |>er- 
meahilitv St*o “Diffusion through Mem- 
branes," § (8' 

CoNTiNFors Beams, reaction at HU])ports of. 
S(e “ Aeniplano Structurt's, Theory, § (9).’* 

CoNTiNDtu's Beams rNonn Knd Turf.st. See 
“ Aortiplaiu' St ructuft-.s, riietiry," (8). 

Control and Staro.ity of Atrsutfs. Iwsed 

* on the resulta t)f (*x[)erinu'nt8 tm uiotlels. 
See “ .\irships, Kxjieriment.'^ on," § (17) et 
"W 
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Control ok an Aeroplane, gcnoraL S4><» i ment, Set^ “ Ain raft, 'rho StAhility of," 
“ Aonxlyuamic Research, Full Scale,” § (21). § (lo). 

Control f^RFACES, cthcioncy of, on airships. | ('ottos as ui«< <l for lurcraft. Si*o “ Acrojilano 
Sco " Airslnfw, Exjx'nments on,” § (22). i WmjiM, Fal'Sis for," 5}|i (1) anil (12). 

(X^NTROLs, clicct of small inoA'cnumt.s of, | (’oi nt.s or \ min vsd ok Fvnnic. Sn* “ Ai'ro 
on airc raft stahiUty : mathematical tnsu- j plant Wnnjh, Faloc i for," § (4). 


J) 


Deflection of Stiu’cti rks. Set' " Aeroplane 
Structuie.s, 'I'heory,” (17). 

Density of Air, ('ouuection for, us applieti 
to aircraft instrunu'nt.s. Stv '‘Aiiiiaft, 
instruments used 111." § (<») (i.) 

Diffusion, Cwis or. S<‘e ' DilTusiou throu;.di 
Menihranes,” § (2). 

DIFFUSION THKOnOl MEMBRANES 

§(1) II isrt)UU' Ai..-- Almost as soon <i.s Mitehell 
discttveietl a method hy which .‘>mail toy 
balloons could bo irnuJe of tluii un\ ulcani.sed 
rubber, lie (discrvetl in IS.'ll that such ballorms, 
even when apparently fu'c from mt'clianical 
defects, wtuo jierniealili' lo ^ases. Ihs paix'f 
tin the subject was lepiinted in the Hoy. In.\t. 
J , lH:n, (2) lOl and 307, tiom the Phil- 
whlphui Jouiudl of Mrdiiol Nfitou t s. He matlc 
rouulily ipiantitatue experiments, allowing 
various g.ises to thllust' into air enelosed in a 
funnel bountletl by a thin rubber film. 'I'he 
ratt's of dilfu'-ion which lie ohserxed, a]»j»ioM- 
mately coiTeeteti, iu the light of lattT know- 
ledge for tlu‘ hack dilTusKui of air but not for 
ehango in paitial picssurc ddterente, and 
rcfcrrctl to the late for hvdnagen as unity, 
were as follows : 


Ainiiii)ni!i 

. 32 

Sal|»liiir< ttnl livlrogi'ii 

. 13 

('■variiigtn . . . . 

. 10 

Ciirlioii liiexulc 

. 5 \) 

iX it rolls oMclc 

. T) 0 

Arw nuiri tied li^drogi a . 

1 3 

Ixlti> li ne . , . . 

1 3 

1 l x dreg* 11 

1 0 

(twgiii . . . . 

0 0 

('arfKin monoxuii- . 

. 0-3 


He also observed that rubber is capable of 
absorbing its own volume of carbon dioxnle, 
undergoing slight swelling during the process. 
Ho pointed out that Giahani * was in reality 
the tirst to notice a similar phentunenou in 
the Case of a bladder jiartly full of coal-gas 
wliieii became inflated when plaetnl in an 
atmosphere of carbon dioxide ; but Graham 
did nt)t at the time exteml his observations 
to other ga-ses or mo’^jranos. 

In spite of the republicalitin of Mitchell's 
pa^s'r, the imjiortance tif the above properly j 
of indiarublxT in etmnection with quantitative 


j i*h\.sieal and chenu 'iil expenments w.is not, 
' It ajipears, widcl\ i«< ogniNi'd, Fey roll * jire- 
seiitt'd the re-^uh- of a number of tests to the 
I’.oi'. Aeadomx of Si lem es. showing Unit air 
I le.iktsl into a x.ieuum tliiougb a i libber sheet, 
I and llial lixdiogeii, e.ii b<>n dioxide, and nifioiis 
I o\id<>. eoniiiievl by meinhiaties or tulies of 
! rubber, p.issed out info (lie air, the latter also 

I liuxing with flic toiil.uned gas He jioiutixl 
<*ut that gieal impiox emeiif in gas-tighf ness 
Could be seeiiretl by " ilo|)mg " file rubber with 
liiiset'd od. Ill the tli'-i iiHsioii at the luet'fnig 
('lu‘\reul ami Dumas were ineliued to ilis- 
Ik'Iicm* the poshibility <•( appreeialile leakage 
m t heinieal exptMiments, the latter savant 
us.>>erting that he hail ust*d many ruhlx'r 
joints III Ills .ipjiaiatus for tlie aiial.Nsis of air 
and water and was satistital that no leakage 
I ocelli Msl. 

j §(2) Laws <jI' DiH’Csios. It was, however, 
j resi'ivt'tl fiM (•raliani in iKbiU* to make the 
I lust aeeiiiate (pianlil ati\ e ineasui eiiKMifs in 
I connection with liis classical reseatehes on 
I dillu.sion Ihi' ugh porous septa. After estah- 
' lishmg hi.s well known law of ditTusion bir 
Huch poious hodii's as uviisiim, giaphite, etc., 
he was Itsl to study colh idal septa sut h as 
ruhla r, gtlatmc, gutta-percha, and oil-varnisli 
films. R\ l.istcumg a film of iuhlK*r over 
a thin sfiicto pl.ite which i |os<m 1 a long wi<lc 
tulK*, tilling lh(‘ tidic with iiK'nury and in- 
Miliiig, he was iihle to mca.sure, fnuii the rate 
1 of fall ot 'tie imucut\, the rate at which gaw'S 
I HuiTounilim.' tlieto|»of the tube passed through 
the tilm into tin* oiiginally vacuous space above 
' theiiKMCUlv 'riienihher tilin.s were ent from 
a toy balloon, and weie unvuleaniseil : their 
! thickness was alxait (112 mm. The raU*H 
at wliK'h the g;tses entered, taking that of 
hydrog(-n as unity, wer<‘ found to be 


(‘arlion dioxid* 

. . 2-40 

( >xygi n . . . 

. 0 4(V4 

Methniie 

. 0 .391 

Air .... 

. 0 

(‘nrboii nionoMilo 

. 0 202 

Nilr<»geii . 

. 0 Ift2 


He noticed the large effect of terajterature on 
the raU' of diffu.sion in the row* of a rublier- 
proofixl silk fabnc, the rate for air iner«*asing 
from O off <-.c pr r rn,® jM*r*min. at 4’' (k to 

* ('ompft'tt flmii’iK, 18 M, xlil 82(1 
* Roy. SfjTfl'hU. 'I rang i». 3ljU. 


‘ Itoy. IntA. J., 1820 
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2-2r» 0 . 0 . at 20° ( \ and t<^) H-fW c.r. at C. He 
ma<le a Iarj{o nurnlMTof lostsin the endeavour 
to iitiliwo tiJM roMulfs for the “ diHJytio ’Vpara- 
ti(tn of j<aHeH : in the oonrHO of the.HO tests he 
(djservecl th.it ovygen and nitrnjj;en have differ- 
ent Pnnperattire e(»eflieientfl of (liffn.si«m, since 
tfu' percentaj^c of oxyv'oti in his “ dialysed air” 
U'UH 41 <1 at 20' and incrcJi.sid to 47 at 4® C. 

Sirue the ratoH of diffii.si<ni or “dialysis” 
hole no apparent relation to the iJensities of 
the gases, h(‘ pri'fioHcd th«' theorv' that the 
gases wore “ ln|iieticd ” or dissolvcxl in the 
nihher, and in acooidance with this conception 
ho found that at about ruhlx'i- ahwirhcd 


This (equation assumes (1) that the absorp- 
tion is a proeeas «>f simple solution, being 
independent of surface phenomena or adsorp- 
tion, and const'rjuently varying *‘only with 
the partial pressure according to Dalton’s 
law and, of eouisc, also with the temjierature, 
ami (2) that within the rublicr the oi dinary 
law' of diffusion, Kick’s law, hohls.® fn order 
i to test these assumptions he measured both 
I [WMimvibihty and alisorption coefti< ients for 
I certain gases with the same sample of red 
I vulcanised rubber : for thi; latter determina- 
tions the rubber was in tlie form of sheets 
about ()2.>mm, thick, for the former the 


(t-7H of its volume of carbon dioxide or O-OtJH 
of its volume of oxygen. 

Peyron’s wanimgs w»t(' ind(>|»<‘ndently con- 
lirmed by .Aronstcin and Siiks,' in so far as 
the leakage of Jiydntgt'ii was eom-eined : 
tliey demonstrated that there was mc‘a8ural)h‘ 
loss of hy<lrogen through lubber tubing, 
either vulcatusi'd or unvuh'ani.sed, when the 
thickness was 1 2 to I (i mm. 'I’lii'v obviateil 
tliis defect by doping the tubes with asphalt 
solution. 

About ten years later Kmut propounded 
his “ law’ ” to explain in the first place the 
differences observed in tlu* rati's of ddTusion 
of gases and vapours through soap tilms.^ 
’rbe law '*tat('<l that the velocities of pa.ssage 
of th(’ gases throudti such films were propor- 
tuftial to A/ \ />, wlu'ie A is the absorption 
Coefficient of tlu' soup solution and /» is the 
density of tlu' gas : the observ('d and cah iilated 
values of the vidocities for mtrogi'ii, hydiogmi, 
carbon diOMdo, etc., agreed within about 
3 pm* cent ; but oxygen dilTusi'd about 2t) per 
('('lit faster than the law demanded, and tlu' 
law did not ajifily at all to "thi'r vapour. 
Only vi'ry rough agreement with tlu' law was 
found hy iVanglm * for diffusion through 
lamellae f)f lins('<<<l oil 

The simplicity of Kxiici’s law’ led Wioh- 
IcwskD to adopt it as a basis fot the cx|)lanation 
of the n'sults obtained in the diffusion of gases 
through rubber. He proposjsl tlie equation 

p 1) \P» 

.(• ’ I 

where P is the jiermcabilitv. c c. per cm {*er siv 

D is the constant of dilTusion of gas in the 
rulil>cr, 

A is the nlnorption ciK-fticicnt. r.c. of gas 
dlsRolvcil jHT cc of rubticr at 1 atmo- 
sphori' pn’.s.snrr', 

Pi foul Pj are |Mirtial pressun’s of the gas* 
(f/-a('tioii8 of an atino.sphorp) at the two 
sides of the membra no, 
ar is the thickness of membrane. 


Hlieets weic stretched until the thickiK'SS W'as 
only a few' hundredths of a mm. Krom his 
figure for the density of the rubber, 1 027t), it 
would ajipear to bav'e contained some <» ]ier 
cent of antimony sulphide plus suljiliiir. 
d’lie values wbu b be found for the alisorjition 
eoeffiiMeiits weie 

1 Nitrous <.M(lc . . I or)r)i ooiot;.-)/ 

( arboii dioxuh' . . I ‘J77!l -OtUoTtW 

Hydrogen. . . 1) OJII.'SI i (MKM()7 W 

Air . 0 or»()7r> ( 0 (M>:t7r)7 1 

the gases usisl Ix'iiig saturated with waH*r 
vajiour. His permeability measuternents were 
made with an on one side (d the* memlirane, 
and w'('re tlierrfon' eorii'cted for the back 
[u'rim'.ibibty of air, as.suming that I) vanes 
inversely as Sfi. Krom thc.se corrected jx'r- 
meabilities, in conjunction with the above 
ab.soiption coi'Ilicionts, be deduced the \ allies 
of the ilitTu um coefficients |) at 1 as 



Cm 

*,Sce. 

Nitrous oxid(' 

62 

lo-'* 

Carbon dioxide . 

. 61 

10 “ 

Hydrogen 

. ;i:>-2 

. 10 « 

view of the fact that ( 

baliam 

had found 


that hydri'gc'ii (hx's not obey tlu' inverse 
.stjuare root law with any ('xactness even for 
diffusion tbiougb a graphite plate, Wroblewski 
eonsidered that tlie icsnlts weic sufficient to 
cstablisli the law for the diffusion of gases m 
rublx'r, the eurioiis differences in pi'irneability 
I being line to the comj'lication of this law' by 
j the widely different absorption coefficients of 
^ the ga.ses. 

! Wroblewski's views as to the nature of the 
permeation pro(H-ss have formed the basis of 
almost all the lati'r tln'oretical work on this 
1 subject, though liis quantitatue results luive 
j been called m (picstion, e.ff. by Hufner.* 
I llufner poinbal out that if the rubber and the 
[ gases were dry the absorption of nitrogen and 
hydrogen by massive j^rey vuleamsecl nibber 

* Throughout tills article, from this point onw’anU, 


* ZHtst'hrift fUr f’Ao/or. ISCC. *260 

* /Vw. A«a.. 1876, (6), 166, v. 3*21, and Bcltdiittcr 

to 1878, 11. Hiu. 

* Hclhl.ittcr to AnnahH, 1878, II. ‘202. 

‘ WUtl. 1870, vlli. 20.' 


the words ix'rnu'abllity {js'nncation) will Ih* used to 
<l*notc what Hraham called colloidal dilTuslon, in 
oolor to avoid confusion with the ordinary prox'c.ssca 
of dilfusion profier. 

• ITwi/. .4«rt., 1888. xxxlv. 1. 
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waa negligible, *.e. less than 0 002 c.c, {>er o.c., so 
that the falues given by Wroblewski are due 
to the presfnce of water in the rubber. He 
showed, however, that even in the abHenco 
of water rubljcr tUssolves carbon dhixide to 
the extent of 0*(>9 volumes at 14'^ ('. (ef. 
WroblcHski’s value 100 volumes for the 
saturated system). 

The problem was attai'ked again by Kayser,' 
who wiw struck by the smallness of the j 
temperature range used by \Vi*oblewski — 
5° C. or 80 — and w’as not sivtisfied as to the 
legitimacy of the method used by that in- 
vestigator to coircct for the back lx^rmeation 
of air. Kajscr used for his absorption cxpori- 
numt.s lilms of vulcanised rubber, mm. 
thick, having a spocitic gravity of ODto; lie 
determined the relation of the absorption 
Coefficient to fiartial |>ie.s8ure m the case of 
carbon dioxide, and f<nind that the eoefticient 
(volume of gas reduced to N.T.f*. alwoibid 
by 1 c.c. of rubber) was proportional to ilu* 
pressure within some 2 per cent over the rantre 
12o inin. to I12.> miu. of mercury. For the 
variation of solubility with temperature he 
found 

For ciirl)on dio,\uk'. 

A,- 1-3507 --(dSOHl I t 0-0^921.3 

For liydrogcn. 

A<- 01278- -(KHllH/ I 0•0ill3f^ 

over the tenifioratnre range 0'^ to 70’ 
I'k(uilibniini was attained within an hour, no 
further ahsorption oeiMirrmg even after fi\e 
d.iys. 'I'hese ivsults appiMr to lie moderately 
trust wortliy, but the same eannot be said of 
the figure.s given f(»r jicrinealiility, which arc 
means of sejiarate determinations varying by 
as much a.s 30 jier cent from the mean. Thus 
w hen his values for specific ])ermcability (e.c. 
IXT cm.* jier min. per cm. thickness) to carbon 
dioxide and to hydrogen of films 0 08 to 
015 mm. thick are ealculaied for a temperature 
of 20' C , the ratio is only 2 1 to 1 in.sUwl of 
the 2-5 or 2 7 to I found by other workers. 
His delations for the variation of sjiecilie 
|)ernicability with temperature were 

t'arbori dioxide. 

P •; 10“ - - 6*084 + 2-9281 1 (9’ C. - 33^ (’.). 

Hydrogen. 

Px 10«=. +6-520 4-0-8766 < (13° (’.-30'’ T ). 

These values are not corrcctoii for the back 
^rmeatinn of air. 

Reyehler also demonstrated that the ab- 
sorption by rubber of sulphur dioxide,* and i 
of carbon dioxide,* i* a proi;en« of simple 
dilution to which the law of partial pressures 
applies. The latter mea-sureraents were made 

« 

> IFiwi. .4«ri.. 1801, xllil. .544 

* Bu//. Soc. ('him., 1893, (3), Ix. 404. 

* J. Chim. Phv*., 1910, vUI. S, 617, 


w'ith considerable ai'curacy in order to disprove 
the suggesthm of \V. Ostwald that the Freund- ' 
lioh ud.sorption equation A - K;/" was news- ' 
sary* ; the exp merit n of pressun* j), for which 
Ostw.ald pniposed the value l-(t2, was shown 
to be unity within the limits of error of tlie 
ex^x-riments. F-'*- the solubility' of carbon 
ilioxiile at 2<F (’. in tini' Para slu'ct nibbcr ' 
of density (195 h * font ! tin* value I tKi c.c. 
i {M-r gm., or almost e.vutily 1 c.c. jier c.c., the 
absc.rjdion U-ing scry rapid The solubility j 
of suljduir dioxide at ('. was 25 8 c.o. per 
gm. or 24-5 c.c [n-r c.c. ; with tins figure may 
be comjiared a determination by C'hnppuis* 
at 0 ' ('. which ga\e 38 5 c e, per gm. It is 
now known that most of the nn.saturated 
hydro! nrbon.'^, to which cati'gorv mdiarubber 
U-loiigs, an* ficcly soluble in lii(nid snlpbur 
dioxide. The los.s in illuniinat ng jiower of 
(oal-gas neb in ethylene and bcn/i nc wlicn 
])a.s«('d tbiougb nibln'r tubing has been sbowni 
to be dm* to the solution of these vajionrs in f bo’. 
rubber, whii b <lissolv<-s up to S (> jier cent of its 
weight of them under these circumstam'cs. 

Some of tin- iin'inises of W'roblew ski's theory 
were called in (pK'stion by (Irunmacb,* whq , 
ma<lo ex])erimcnt8 on the ]K*rrnoability of 
fairly thick nibbcr sheeting by carbon dioxide. 
The ini'lliml lu- used was m)\el and simple: 
two glass 1 h- 11 jars, the jircssiire in which 
could be mcasiin d. were closed with the sbi'cts, 
and !»nc was lillc<l with cailxtu dioxalo and 
wcigberl from tunc to time, the other jar, full 
of air, Iwing UM-d as a countcrpoisi'*. (’orrec- 
<10118 wen* applied for the* incnasi* in area and 
(lcerea.s<* in tbn-kne-s of tin* rubber caus<*d by 
the bulging of the moinbianc. He found that 
the rate of permeation fell to of its 
original valm*, while the pressure diop|M‘d 
from atniosphciic to J atmo., and that the 
gas-tightiv'sH of a 2 mm. sheet was only 2-5 
times that of a 0 15 mm sheet. (Jiunrnaeh 
e«)nHidcre<i that Ins n-sulfs jiroved that the 
permeability was not dirci-lly' ]»roportional 
to the fireasiue of tin* gas nor hi the inveiso 
of the thi<-knesM of the ruldjer ; but he did 
not take int«i account the decrease in partial 
jiresHure of the gas dining an cxjx‘nmcnt owing 
to back- permeation by air, and assignwi the 
change in rat<' of loss of weight solely to the 
change in total pressure, leaving unexfilained 
hi.s own nf>H<*rvation that the rate iKK-amc 
practically zero when the pressure had fallen 
to 'f of the original. 

§ (3) Mea.suhementm of Diffcsion. 
Probably the most exact measim-ments of the 
rates of passage of various gs-se* through 
stretched membranes of rubber of the type 
u.sed by (4raham, Wroblewski, etc., have 
recently been made by Dewar,* The compliea- 

* Wie4. Ann ; 1883, xfx. 21, 

* Phv$. X,f\U ., 1W)5, vl. 796, 

* Roy. Irul. Proc., 1918, xxl. (3>, 113. 
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tionw iiitnidii^rd hy th«‘ j)r»)scnc'«' of a whoikI . 
^a» <in the otIuT .side of tho nu-mbriiiic \vrri‘ | 
avoidrd m lii.s (AiKiiincnN f)y (Aposiri^^ oiio 
Hido to under oxuiuiuation and i 

prodiicitni a vacuum on tin* other side hy j 
tneans of l(i{uid uii ; llui voliirno of the 
wart calculated from the rate of merciwe of , 
jrrcM.siite m the exhatulerl ripparatiiH : to ! 
prevent undue drsten-mm of tin* ruhhej mein^ 
hrane fhiH was 'JUp|>oited by a cIoho ^auzr». * 
Tlrr; cluuai (eristics of the rubber nsed are not 
ineiitioiusl beyond the fact thcl it waw of 
rtlu'ct fhira ab(ml I mm. thuk stietrdied until 
It wart mmie 0 01 mm. thick. He made 
niea.su I ementH at a mi'IK's of dilfeient temper.i- 
turert for several of the i'ases ; at the 

rates relative* to lliat of hydioeen a.s unity were. 


( '(u (toil (lio\i(|(' . . i!*.'>o 

Hvdio^cu . , . . I un 

OvVK' u . . . 0 IH» 

tli liuiii . . . . 0 :tl 

Ariiioii . . .0 2.‘1 

Air 0 18 

(’arbori rnoiioMdc . . . () 17 

Nitrogen 0 12r> 


Thi' absolute permeability by aii \aii«sl for 
dilf('t(*nt liliUH from 1 2 to d 2 e c. per .s^ cm. 
per dav. 

Him eiiivt's (oiinectmii the logarithm of 
permeability with 4<'mpcratuie emisist piaeti- 
O’lly of twd straii'ht Iiik's for ea(*h ga.s. 


iliteiHectiiig at 0 (’. The 

tem(«*i.itui(* CO- 

ellii'ient.s at !•> U. wen* : 



Pet ( enf pel 1 (’ 

( 'arboM (liovidc 

. (i 1 

Hydrogen , 

. .■> t 

Air .... 

. 0 :t 

Hi'liuiii 

. . r, i 


Oxygon had a higher ami eaibon monovide a 
lower eoelheK'iit tliaii an. Oewur points out 
that the meri'Jise m the valm* of tie* tempera- 
11111' eoetlii*ient helow O'C, may prohrvhly be 
a.sonlH'd to tin* etlei t of tiaee.s of water in the 
liliius. 

iMention may he made heiv of an observation 
on the |M>rim'ahility of rubbm' byaiuon, wlueh 
was madi* hy Ha\leiuli.^ Hi* eolU*eted d lit.s. 
of tin' ’‘air” wlueh h'aked through a ruhln*?- 
Him, and found it to eontain d7 per e« nt of 
oxygen; the ga.s left after n^mov mg the 
oxygen coni a lin'd 1 IK) jH'r cent of iirgt>n, 
Siin*o atiuo.spherie nitrogen contains 1 I’d (ler 
(lent of argon, he concluded that the perme- 
ability of rubber hy argon was greater than 
by nitrogen; allowing for the difTert'nce m 
partial ])iertsures, the ratio W'ould l>o 1 0 to I 
Using De^ar’.s ratio for tin' permeabilities hv 
nitrogen and hydrogen, the permeability by 
argon would Im' 0-2d (ef. Dewar's 0-23) of that 
by hydrogen. 

Aa Dewar'a |)erineabihty deterrniuation.s 
t Phil. Mng., UHxJ. \ll.x. 220. 


were not accompanied by measureraenta of the 
aolubility of the variou.s gases in the nihlier 
usc<l, it is not possible to make an^^ deductions 
tln*refroni to snjiport or contradict the tlieory 
of the process outlined hy Wrohlewski. A 
pa[M*r hy Daynes ha.s sinci' ai>pcared,^ in 
which an attempt has laeii made to obtain 
figuie.s for tin* actual rates of diffu.sion of 
eel tain gases in rubber from measurements 
both of tin* peinieahilities and the absorption 
(•oeUici(*nt.s. d’ho method of determining 
p<*rmeal)ility is de.senbed in a later section 
(Shakespeai appar.itiis) : tin* absor[)tion co- 
eflieieuts aie dcdius'd fiom tin* time interval rc- 
ijuiied for the establishment of steady dynamic 
conditions when orn* face of the film is suddenly 
expo.s(*(i to the g.iH m ipiestioii while tin* other 
rem.ims m eontaet with air It is shown that 
imdei these conditions, tin* permeability being 
e\picss('d as P DAp/a* with tlie not.itiou of 
^ (2). tin* “lag” oi time ekijiHing before the 
late of incie.isi* of concent ration of the gas 
m the air (hamln'r becomes con.stant i.s 
L a^;()l), so that 


Heme and I) can be calculated from tlio 
ol).s(‘rved values of P, L, and r, 

'riui*e vul<*am.s<*d Paia lilms weie used liy 
D.iyiies, .•! whiih tin* thick nesses \ ,iii('d from 
0 ;) to 1-4 mm. When 1/P and PL were 
plotted against .r, ami Jj ag.uiist a*®, the 
obs(*i\i'<l points lay .snlheiently well on a 
straight lim* to I'ontirm the truth of the 
hypothesis ut \Viobl(*w ski as to the mil lire of 
the phenomena of permeability. 'I’hi'.se expon- 
mi'iits wt're made with livdrogen on one .side 
and air on tin* other, and nieluded test.s at 
tempi'ratiiro^ some (' ,»[)art which showed 
that the absorption of livdrogen hy rubber 
had a temperatnie ('oi'niiient of about 0 o per 
cent ]H*r 1 ' (' at IS : hence the much larger 
I ti'inperature eoetlien*n( of |>eriin'ahihty (some 
4 p<>r cent per PC. ui lln*se mea.suremeiita) is 
due to (he ellect of tempirature on diffusion 
in tin* rubber: tin.s i.s m aceordanoe with the 
I well-known fact that a Ingh temperature 
c«>cfti(*ieiit 1 .S always found for the viscosity 
I of viscous suhsLinces. 

I In the table on tlie following page are 
j given the values found by Daynes for the 
I absoiption coefficient A, the diffu.sion oon- 
! stant I), and for tlie “ sjiecitic permeability ” 

I Pa* (o e. measured at IT ’C. per cm.* |ier sec^, 
j j>er 1 ein. thickness), for various gases, with 
I films alamt 0-4 mm. thick, ut 17‘’(\ Kxcept 
I in the case.s of oxygen and air, which 
I pciiuirtal the use of l^'drogen on the other 
side of the nieni hrane, and gave less nccuratd' 
j ^\sults, the gas into w hicli the {H'rraeaiion 
oecurn'd was air. 

. * Roy. Soc. Pfvc.t 1020, xcvil, 286. 
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10 1 00 
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0 
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10 “ 4 .33 
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0 !0 

tl a 

0 (7 
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0 043 

1 OH 

5 IH ■ 

10 0 104 

1 1 .1 

10 ■' 

or 

1 00 

0 4.3 

()\>gi‘ii . 

0 O'Jl 

i 2 20 

8 07 - 

10 ** o .{.3li 

0 05 


1 0 1 

I 82 

0 37 

Ainmoni.i 

41 O 

' 1032 

.303 0 . 

10 « 11 3 

1 0 071 


0010 

KMKHl 1 

0 (13 


111 (‘Diupanii}' figures f^r lul.itivr ] 

j)ui inealiilit V witli tlio.so <»{ (Milier workeiB it 
imist l>u if'nu-mlu'nal lli.it the hu nso«l 

wuru Ihiuk aii<l not strut* liod, so that ihu 
eirtcls (il inipui-fuutions in thum Muru less 
niaiUud. Ihcsuinahlv as a rusult of thin thu 
jHM nh.ir n.ituru of tlu' " colloid. d dilTusion 
i'. iiiori' jii onoiiu<‘u<l , thus lu' givu.s 2 To foi 
thu latio ol |»ui iiuMhilitH's for caihon dioxxli* 
and hvtiio;^un, whiauas Duuar an<l (iraham 
found 2 oO and 2' h). ('(unparu aUo has hjiuru 
() :U fot the ox>oon r.vtio witli Duwai’H 0 30 
and (iiaham’s 0 -40. 

It may hi* ohsutvud that hydrogun has tin* 
higlH-st (oulh(iunt for ditUmon in thu ruhhui : 
thu gMMliM pi'nnu.iliihtius In ('uthon di«*M<l<“. 
nit tons o\idu. and ammonia aiu due to tin* 
much laigi'r sohihilitiun of thunu ua^us. 

'I'hu l.isl column of the t.ihh- h us huun a(hiu«l 
to show how thusu imMsuimiiuntn agtuu with 
thu i(>i[uirumutds of lOxiiur's law , ac*-ordinu 
to this tho (IdTusion constants shouhl ou 
invuisuly [iropot tional to sdunsiti', so that 
])n/j should hu const<int. llyiliogen and 
ammoni.i show vuiv w'i«lu diflurunuus from tin* 
products uivun by thu other gasi'S : thu “ law ” j 
mav Ir' uonsideru*! to bu dispiovud. 

'riu* < <ilumn of acpiuous solubihtn*.s h.is bi'un 
a«ld<’d 111 Older to show thu rough parallulisin 
which exists butwi'uu thu iul.itiv<> solubilitius 
of thu gases in wati'r ami in rubliur. Such 
siinilai dies have l>cun shown bv' dust,* 
Ohnstotf, and others to hohl for thu solubilities 
<if gasi’s in thu most ilivursu liquids jiroviduil 
that no oombination i.s to l>e suspuutud. 
In genur.d, ga.si s are more soluble the higher 
their critical ti’injiuratiirps, but thu simplicity 
of this relation is clouded by the v*>hitiie 
changes occurring on solution and tho effect 
of the coinpres-sibiUty of the solvent. 

The inverse jirofiortionality lietweon perme- 
ability and thiekneAs which is rcqnireil on 
Wrobluw'ski's hypothesis has also iH^cn shown 
by Edwards ami Pickering * t<i hidd within 
the accuracy which can be ex|)ected from tho 
nature of the methixl^M manufacture of the 
^Iin^ ii.sed. From the figure,s (ditaineii at 
25° C. with film.s varying from 0-2 to 2 0 mm.^^ 

‘ Z phyn r/)UOT . PHll, x\x\il. .Sfg 

* Bureau of i>U/n^ird«, Hcieutific Paper, 

No. 887. 


Kdw arils dudiu-us a s]>ceitic i>ermeabili(y of 
.34 d ' 10 ** e.c. of hydiogcii measimal at (F (\ 
ami 7tMI mill, piessuiu pur cm. area i>ur cm. 
thukiiuss ]»ui sue. 'J'hu i ur\ i‘ gi\i n by Daynes 
[lor. (,f.) toi u lilm 1 4 mm thick givu3 on 
uxlrajKtlatioii to 25 ('. a \idu*“ of 4(»0xl0 * 
i for th(‘ siieulii ]ieimeabihty of hi-^ rubber in 
the sanit' units, KaNsci's equation (rif/e 
! '>ajir(i) gi\us o."> V K* ** foi this temperature 
' when his ligiiie is incrua.M il by onc-lifth to 
j collect for thu enliamc *»f uir ; but since his 
! thickest tilm was onlv 0 1.") mm thick, Mus 
j value IS hkeh to be higii owing I** impei-fe« tions 
I 111 the lilm. 

I Wroblew .ski's tlusuy also demands that tho 
permeability shall be duectly iiropoitmnal to 
the paitial ]>iessuie. In the ])aper above 
' montioiied F.ilwaids shows that this holds for 
the pmmeation of “ dental dam ” (thin sheet 
riihber about t* 2 mm. tlmk) by mixtures of 
c.iibon dioxnle ami air in whuh the paitial 
piussuie of tl’c larbiui dioxide varied from 
1.") to KKt ]ier lent of the total. 

§(4) 1‘KUMI AltlMTY OF JUM.OON KaHUK’S. 
- in the foicgoing risnun’ of the liteiaturo 
of (he permeation of rubber membranes no 
mention has been made of the extensivo 
work whuh has been lariied out during the 
last two deia'h-s on the leakage of ruhhered 
balloon f.ibnis. d'he use of these ap}K>ars 
to ha\e hist suggested hy Tareot in 

l,s.‘»‘k but tlu preparati«>n of suitable material 
was not ai < oiiiplished until about HMX). 
The nature of tlu difference hetweeii tho 
bidiaviour «>f luhber when free and when 
HUjiporteil on a textile will be considered 
at a later stage, but the metbods of nieasure- 
luent of jH.‘rrneability of hallo* m fabrics are 
n*)W to 1 m? desenbed. 

Permeability is exjirossed f*)r practical pur- 
p*)ses in litres jxr sq. metre per twenty-four 
luuirs, tho volumo lM?ing reduced to (P and 
7dd mm. *)f mercuiy pressim* ; to *'onvert values 
given in lliesc* units to abs*»!iite valui's in e.c. 
{)er Hfi. cm. jier sec. multiply by 1157 / It) *. 
As tho siM?cificatioris for ballo*m fabric in 
England were at lirst copied from French 
practu'e, there has f*)rtunf>tely never Iicen 
any wide use of Enjglish units in this hraneh 
of testing. The maximum |x?rmeahility 
allowed in modem specifications foi« rubbered 
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fabric for tho (‘nv«‘lopr«« of non-rii?id airHhi[)f} 
or of kit-f- balloons is 10 litn. per sq. in. [lor 
ilay at IT) ’ o ( 

Af)|»riratuH have Ix'on oon.strufU'd for the 
of the jiormcability of balloon 
fabricH on thri'c difTcront principles : 

(i.) A vessel is closed by a disc of the 
matc'ial iindcr ti“st, and is then lilled to a 
measured volume with hydroui'ii ; the rate 
of escape of the hydrogen into the atmosphere 
is deduee<l from the decrease in volume at 
constant [iressiire. This will be. called the 
“volume-loss” iiu'thod. 'I’lie complementary 
method, of ohst'rvmg th(‘ (ha rease ni pressure 
at constant volunu', whudi would allow some 
Bimpliticalion of design, is not applicable owinj^ 
to the extensibility of this fahno and to the 
possibility of the oceuiri'me of visiMius flow 
of the f^as throiiyh small apeitures. 

(ii.) ( ’onstant mirrents of air and of hvdro|j;en 
are allowed to flo\v over the tvs<i faei's of the 
fabric, whi<h is clamiK'd b<‘tween two flanged 
vessi'ls. The n'sulting (juantity of hy<lrog(*n 
in the air stream is then measure*! (‘ither 
by burning th<‘ hydrogen to water, which is 
weigh*'*! after a suitable amount has eolhsde*!, 
*ir bv (h'ternnning the (’oneentration of the 
hydrogi'n in the mixture by m*'asur*'ment *»f 
s*>me physical pro[>ertv ami noting the rate 
of flow of the mi'^'*l gas*'s. These mi'tlnsh 
will be refciied to as ” o*)nstant flow” 
methods. 

(lii.) 'I’lm fabri*; being elampe*! .as in (ii.) 
with pure hy*liog''n and ])ure air on the t\\*) 
sides, the e.r v*'ssi«l is sr'al*'*! and the rate of 
itirreiisr of **>n*,ent ratl<m of hydrogen in the 
fixt'<l v*)lum<' of air is obser\ed. 'Fliis may 
Im' ealle*l the “ constant volume ” im'thod. 

(o) Voi.UMK-i.oMs Mnnion. rntil the year 
l!)0fi balloon fabrics were all tested i>n 
ajiparalus of (he volnine loss type, although 
H*)ine of the ilcfects *)f the prineiph* wore 
m'ognis*'*!. The U'ason appariMitly that 
the ctnist rindion of sm h apiiaratus is simpler, 
and ati first sight a[)p**ars to r*'pro*Ince fairly 
uell the conditions occurring in a ballo*m. 
Only *>110 *h'sign of this tN^H' ever attaine*! 
any >\i*le use, vi/. the Henar*l-Surc*)nf 
balance (I q;. 1), which is still emph>ye<l on the 
Oontiuent. The balance is s*) calle*! from the 
means ad*ipted for the maintenance of a 
constant pmssiire. A :i() *'m. disc of the 
fabric is chvmjH>d at 0 s*) as t<i birm the t«>p 
of the bell *d a species of gasometer: the 
l>ell is ^supp*wtod <m *mo arm of a rough 
balance, and th*' iXHiuisite fraction of its eight 
can l>e t^unter]>oi.sed by weights I plaei'd 
on a pan II on the other arm. The base of 
the balance suptnirts the annular container A, 
which forms the^ower half of the gasometer: 
the annulus is tilled with, water. The bell is 
filled with hydnigen (abyut 4 lits.) and by 
removingVeights from tho pan H the pressure 


I indicatiHl on the U-tulie D is increased to 
[ the desired amount (usually 30 mm. of water 
{ in excess of tho atmospheric). As the gas 
I escapes the l>ell sinks in the annufus and the 
; volume l**at is ealeulated fr*)m the distance 
I of fall, which is imlicated by a pointer K 
j attached to the axis of th*' la'am. The chief 
' viitues of the I’cnaid-Siircoiif balance f<»r 
wanks purposes lay in the fact that ii was 
robust and fre** fiom any ttagile glass parts, 

I and that it couhl be obtained leiuly for use 
fnun the Astra Airship Company. 

Koiir oth*T forms f)f voliiine-loss ajiparatus 
use*! by \aii<*us airship firms and testing 
institutions are described by Aiistorwcil ' 
under the names of la'baiidy, Picard, Clcmcnt- 
liayar«i-Sabati*‘r, ami Henri. Another is due 
to Josse.* In th<-s«‘ a hydrogen chamber is 
el*)sed by the fabric nmler t*'st and is in 
eommunieation with a measiiting tube: tho 
v*>lume of gas es*’uj)ing is e*iiiid to th*' volume 
of water *'r *»il which has to h*‘ nui into this 
tube to k<**‘p the pri’sMiii' constnnt. The 
intr<i*lucti*ni *)f tho wat*‘r is *'fTcctc*l by a 
h‘v*'llmg-tulK' or nutomaticnlly by a Marriotte 
bottle or by a U-tnl)e with constant li«'ad. 
K*n’ ajiproximat** results and f*)r c*'itain 
pnrpos<*s a|)pariifiis of this tyjM' may still he 
useful, ('(niwnierit forms emhodying the best 
(loiiits of the ohler eonstrueli<»ns, togi'ther 
with impmvements siiggeBted by *'V]i*>n*'nee 
j in perm* alnlity determinations by the eonstant- 
tlow' iru'tho*!, are dt'seribed Ity (lie writer in 
A.G,A. Ttu'hn, Rep., 11 ) 1 .^)- 10 ^ ('* Pei meahility 
**f Airship Pabries by Helium ”) an*l lOlb 17 
' (“ l>e(eri(»ration of Rubbered Bullo*ni Fabrics 
, umler (he Action of Inght "). 

' 'Pho disadvantages of th*' volnm* loss 
mo(h*»d are ; 

I (i ) It immsuros not the actual volume 
of hydrogen lo.st but the difTeronce hetwc'on 
I this and the volume of air which per- 
meates inwards ; in a ctunparisori of values 
' f*'r the jK'rmealnhtv at LW" (\ of 9 lUlTerent 
I fabrics given by a voliime-lo«8 and by a 
; c**nst ant-flow method F.dwards f*'und that 
the former method imlicated only shout 
I 71 per cent of the true ])ormealhlity ; (Iraham’s 
; figures for ruM)er films (^ (2)) would give a 
ratio of 7(> per cent. In an airship it is the 
l*>ss <if hy*lr*>gen which immediately reduces 
the lift: the entrance *d air is additionally 
: *liaa*lvantager)iis, since it reduces the maximum 
I lift obtainable by “ topping up ” or replacing 
' lost gas. 

' (ii.) Accidental leakages in the apparatus 

and in tho junction of the fabric therewith 

S 

1914^*^ ("hnnie in der Luftfahrt, Miinlch, 

0 * VA^phile, 1010. p. l.)0. 

* -4c/n>ory Committee for Aeronnuiien Teehnieat 
Repitrt)i : this abbn'vlatinn will he used in refer* 
ences to tills <'oniniltt*'e’s Reimrt.s and Meruoranila. 

* Bureau of Standards Teehn. Papers, No. 113. 






pressure of the gas and so diminishes the [ hain and Barr ‘ to design a new type <if 

apjiarent j>ermeai)ilit;^ 1 apparatus which should t>c frt^i from the^ 

(iv.) Variations of*^ temperature and of defects. The diagram. Fig. 2, indicates the 
atiuospheric pressure alter the volume of the i assemblage of the N.P.L. apparatus. Air from 

gas: the temperature may be kept constant^ j the gas-holder A is freed from carbonic acid 

but corrections are still required for changes ! ami from moisture' in the train B t<> F, and 
in the barometric height 1 ' » a.C.A. T^chn. Jtrp,, 
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floWH tl)n>uj(h th(! U[)(»or half of the double 
drum when* th<' faluie.H <larn[rt‘<l with an 
ex|>r)Ki'd ana <>f 0 1 w), nx'trc : the air |)Iuh 
the hydro;.rcM whi(li has leaked through the 
fabric iNHUc-t by tlx tube \ and luibbleH thioui'h 
the Hulphimc a< id in and It : after traverain^ 
the tub(' S, packed \aifh (epjMU f'au/.e, the 
luixtuie is burned in the hiIk a ( oinlmstein 
tube 'r, (onlaininv; platiniMt'd Hilica whnh is 
eli'ct neatly heated, 'I’he watiu foimeil is 
absofbed in the U'tulxs V’ and \V, (ontainiii^ ! 
ealejiiiri chinride and |mtnie«*-Hul|)hui le aeid i 
respect ividy. 'I'ho enpprr-^'au/.e tu})e S serves j 
to damp the violeiue of an ox[)losit)n if an 


by a heating unit, the current through which 
is regulated by thi'! curvature of an invar- 
cop[>cr strip. The weight of water eollectod 
jier hour iiiultipliefl by a corisrtirit factor 
gives the permeability in hties per sfp iindro 
per twenty -four liours. 

Apparatus dithring from the alxive in a 
few points of detail was sid up lat(>r by fleyn 
at the Ueich.sanstalt and described in /Vca.v.y. 
AhuK ir/ss. lierlin lirr., 1‘Jll, xiv, IKiri. Tho 
piineipal vaiiation, apart from thi' use of glass 
“diums” instead of non, was that the 
combustion of the liydrogeii was (‘ffected in 
a palladium sponge tube to avoid tlie use of 
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Section thiousb Test Drums (G) 


I'lO 2. 


exceptionally leaky fabric is Ik mg testi'd : 
such exphisKui is iiroxenicd fiom leaehmg the 
drums by the sulphuru acid seals in (,> and 11 : 
the aeitl Ikmv is to absoi I* any moisture gi\en up 
by the fabiie. Tlic empty tuU' 1* is t(» prote<‘t 
tho dnims fiom acid. d'lie hydrogen is 
generated in K by the healing emient, dried 
and purilied in L, M. and X, and before n\iehing 
the lower drum is e»ioled to the working 
temperature in (): it escapes by the bubbler 
H, by means of which the excess pressure in 
tho drugi ean Ix' regulated. The differenee 
in prt'ssim' Iwtween the hydrogen and nir 
ohamlx'rs *is indicated by the manometer I. 
The rates of How of air and of hyilrogcn are 
sufliciently rapid to ensuie that the gms on 
each side nmiaim^within O f) jier cent of jmre 
thnmghout the test. Thesliuins are enclosed 
In a uralite box kept at ewnstant tonifierature 


[ a furnaee. The design of the dnims wna 
modifuKl tty I'orritt (North British Rubber 
I to.) Ity tiu' addilit'u of a wali'r-jaeket, which 
, simphfie.s the inaintenanee of constant leiii- 
j iK'ratiire: he also devised a eomhustion tube 
in which the heating was (iTected inU-rnally 
by a helix ttf platinum wire on the surface 
: of which eoinbuHtion takes piaei' very readily, 
j Similar apparatus was set up by N. Adam at 
' lx ingsnorth about RUH: for making gas-tight 
i the junetion between tho fabric ami tho 
! drums he use<l a very viscous “ com syrup ” 

. instead ttf the rubber washers usually employed 
i at the N.P.L., with which a smearing of the 
, surface with glyeerin lud sometimes proved 
[ necessary. \t the R.N.A.S. J^aboratory at* 
' J^bmehoster rectangular water-jacketed dnims 
I were employed giving an area of ^ sq. meter 
i and allowing the whole width of the roll of 
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fabric to be tested : the iiicreaaeti* area of 
test-pitH-e and improvements in tiie combustion 
tube and inoisture-aijsorjdion lubes alIo^\e<I 
a test to made in half an hour after an 
interval of two liuurs for flushinjj; with gas 
ami attainment of equilibrium emiditions. 
Details of the set-up of the Kingsnortli and 
Manchester ai>[mratus are given in 
Hep. (lud Mem., 1017, No. 300. 

§ (7) In i f.iifekometkr Method. — The analy- 
sis the ail -hydrogen mixture issuing fiom j 
the drum, which is elfected by integration in , 
the combustion nu'thod, can also be <leduced { 
from the vaiiation of some physical projxuty j 
of the ga.s. FicnzcP propose<l the use of j 
the Uayleigh-ZeiHs gas interferometer for this ) 


the area of the fabric, the permeability was 
ealeulatiHl. 

The jirinciple of Kn’nzel’.s method h.is Inrii 
ailoptcd by Ivlaards at the D.S. Hiiieau of 
Standards.'* with tlu' addition of m-veial 
iinjiniAenienU. IcailiiiL' t»i incre.isial accuracy 
and rapidity m tti-img In the diagiaiu 
{Hg. 3) the f.tb.iv IS shown clam|H'd in the 
cell a, w'hii h i^. mrnerst ' in a thermostat A. 
'riiMiiigh the iiydit-h.ind ia!f of the cell ilry 
liydiogen i.> j»a.s^<d, escaping thioiigh a 

bubbler ij pros ide<l with a manomeU-r ». 
Through the other half Hows air supplied at 
eon.stant jue.ssuie throimh the regulator v 
and lined in the botth' » ; after leaving the 
cell the air is again lined in d, befoii' reaching 



]niri»ose. For a description of the interfero- ' 
meter see Haber and Lowi*.- Fien/* ! employisl 
a 8f|uaro dnini with anvi of fabnc 0 15 sq. j 
metre : the late of flow of the air striMin j 
was me:isure<l by a “ precision ” gasometer, 
ami a hiigth of capillary tube was jilaced so i 
as to provide an alternative path of eqn.il j 
resistance when the taps leading to the i 
interferomi'ter were elosed ])ioi)aratorv t-o an 
observation : this is imyiortant. .since the 
rate of flow' must lx* constant and aci uratcly 
known. For sealing the fabric at the flangi^ 
ho used w'ater-glas.s solution. P’nim the 
percentage of hydrogen indicated hy the 
interferometer, multiplied by the rate of flow 
of the air redneed to J^.T.P. and dividixl by | 

• ‘ rftfT rfir Ciaxdurrhiafftigkeit drr fffirnmierten ! 
BaUnmitoffr lh.^s and Z fur Flugteehmk und M'Aor- . 
lufl*rhifffnhn. I'lU.v 2lU ; Austerweil {loc. cii. p. , 
mentions that a Hiniilar apparatus was in use at ! 
St. Cyx in lhl4 I 

* Z.fur angtu). Chem., 1910, xxili. 1393. ' 


the mterfi romefi i . it leaves the iiiteifero- 
meter tbroujii anollier drying tube (to previ'iit 
bachwanl ditbision of water \a|»oiir). and befon* 
reaching the gas-meter ut it is stiluraied with 
water \apout in / so as not to < .luse loss of 
water from the meter. 1’be by-jiitss cock f 
allows the flow through the iMTiueability 
fell to Ih* eontinued while tlie interferometer 
is Ixang rend. The comparison chamber of 
the interferometer is filled with dry air 
through e and f/, The standard jK*rmeability 
cell has a fabric area of 250 sq. ern. ; the (xlges 
of the fabric are greased and the flanges 
which grip it have a number of fine .grooves 
to take up the exeeas of grease* ; a wire gaU7>e 
with a mesh of 3 cm. prevents fhe fabric 
from bulging into Cfintaet with the hack of 
the air chamber, which has a depth of only 
some 6 mm. »o that the time required for 
sweeping out may l>e short. Efjuilibnum 
* Technol. Paper, 1918, No. lyi. 
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conditi<;n8 are uHtmJly establiMlicd after thirty block by the working current ot the bridge* 
minutoH. One of the cavities contains pure air and is 

The only ftthcr physical pro|)orty of air- sealcii : the other communicates by three 

hyrlr<»gen rtiixtuics which <an l>e ineaHun^d capillary f»|s*nmg8 with the air ihanil>er of 

with i^remnit iuHlrurnents with Huflicient ca-st' the |)erineaMieter. The piesence of hydrogen 

ami accuracy for it to be utiliHCjd jn }a*rmc- in this air increases the thermal conductivity 

ability (h'lerininationH js the theimal con- and so causes the temperature and resistance 

ductivity. The “ Katbarruneter ” described of the oxposeil coil to fall ; the bridge is thus 

by Sliakespcur ami Duyncs,' wliich depends on thrown out of balance by an amount depending 

this propi'ity. has been used in only a few on the concentration of tlie hydrogen. In the' 

invosligations by the constant-flow method: instrument as nuulo by tlio f'ambridge Scicn- 

its appliiuition has been almost ovclusively to tific Instrument Co., illustrated in Fig. 4, 
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the “ constant -volnmo " motliod, which b'rms the galvanometer scale can bo road lo 0*02 
the subject of the next section. per cent of hydrogen, and the volume of 

§ (S) (NissTAJiT-voi.VMK jMftfiod. — For the the cavity in which is the exjxised coil is 

measurement of iK‘rineabilit> by a constant- only about 0-5 e.c. The permeability cell 
volume method, the devices for indicating aecommodaU^s a specimen of area 100 sq. 
the eoneentratioji of liydrogen in the air cm. : the air chamlier, which is the Iowit, 

chamber must not iieccasitato the use of large is 0 mm. deep, and is provided with concentrio 

volumes if the ajiparatus is to ofiomto rapidly, rings to jirovent sagging of the fabric, and in 
The necessary sensitivity aiul small working the centre of it is screwed the copjier block of 
volume art' w'cured in the Shakespear a|>pnr- the “ Katharometer.” A continuous current 
atus * b^' the use of a " Katharometer.” This of hydrogen How's over the upper face of the 
consists essentially of a copper block into fabric. During the time required for flushing, 
cavities Ih which are insertetl coils of fine air is jiasst'd through the lower chamber eta 
platinum win\ which form t>vo arms of a holes iKiretl hori/ont^lly in the base. The 
VV^heatstono bridge and have their tempera- tubt's for supply and outlet of air are then 
tur© raised som® 15^ C. alxive that of the i j^'moved and the holes closed by plugs ground 
' Rou. Roc, Pror., 1020, xcvli. 273. ‘ increase of the concentra- 

* A.C.A. and Mtm\ 1017| Nos. '317 ami 516. I tion of hydrogen in the enclosed air is observed 
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an tb«i galvftjnometer. Oving to th« amaH I 
size of test piece arid the shalluwnoss of the 
hydrogen chamber th® iflueliing requires only i 
about ten t^inutes : with a fabric showing a I 
normal |a;rnioability the test is coinplcUHl i 
in about another twenty minutes. The 
temjMTature U given hy a thermometer in- ' 
serUnl into the katharometer bhx'k. Owing j 
to the lack of a water-jacket, adjustment to j 
a given temjH'rature may take much longer 
tlian tlic actual test, since the apjMiratus is 
not designed to allow immersion in a water 
thermo.stat. Knowing the volume of the 
air chamlKT and the area of the fabric, the 
|MjnneaIiihty cun Ik‘ calculated from the 
galviUiometiT (*bst‘rvalions. A amull corriH'- 
tion is neccssaiy for the effect of the partial 
pressure <if the hydiogen in the air on the 
rate of leakage; the indic^vted volume of.j 
hydrogen has also to l>e rcductMl fri>m the 
iemjK'raturc of the exjx'riment to O'" but 
no correction for barometne preasure is 
required, it the katbunimctcr was calibraterl 
at a teinjK'raturo other than that of the test 
a further comxtion the reading of the 
galvanometer must bo made ; also if the 
galvanometer scale is graduated, as is usual, 
ill jHjreentagoH of hydrog< n tn the wixture^ 
the figure must be converted to percentage of 
h>drogen (uldid to air. 

The writer has stiow n * that the chief 
limitation to the accuracy <jf tins method, as 
compared with con.staiit-fJow methods, is the 
uncertainty in the deti‘rniinati<»n of the volume 
of the air ehamlier. The w<»rking volume is 
not that found by replacing the fabric by a 
flat plate ami measuring the volume of water 
or of a gas ([ireferably the latter) so enclosed, 
but IS less than this liy an amount dotermim'd 
by the s.ig of the fabric. Tin* decrease in 
volume vanes with the amount (»f the excess 
pressure on the liydrogen side, and also with 
the nature of the fabric uruler test. Thus 
with an instrument in which the concentric 
rings Huppoiting the fabric w’erc 1 cm. apart, 
a single-j)ly fabric sagged so as to deerea.se 
the volume of (Wi c.o. by .31 c.c., a two-ply by 
2-4c.c., and a three-ply by 1-5 c.c. when the 
pressure difference was 30 mm. of water. 
The error due to these causes may l>e reduced 
by lowering the pre-ssure difference ; in the 
most recent s^nx-ification of the B.E.8.A. the 
difference is required to be equal to 2 mm. of 
water instead of 30 mm. as heretofore. With 
this pressure the variability of the extension 
of the fabnc will introduce little error. 

The Shakes{)ear permeameter provides the 
most convenient and rapid means of detemiin- 
tng permeability whiob»has yet been devised, 
if the calibration of the katharometer is 
preciae and the volume of the air-chamber 
is accorately known, the results will be as* 

> A,C.A, Hep. and Mem., 1908, No. 504. 

VOL. V 


reliablo as those given by a oonstant-flv^w 
method. For work at a constant temperature 
the a])paratus might be modified in detail 
either by so designing it that it could lie 
immersetl in a hqukl thermostat or by pnivid- 
ing water-jackets to the two halves of the 
Ix*rmeaLility cell. The rings supporting the 
fabnc might with adv intago Ix' more numerous 
so as to nnluce (he errvir due to bulging of the 
fabric. 

§(9) EfKK< T ok F iTKlUMr.NTAL CONDITIONS 
ON THEReSI LTS or Tsu:.! lIAlilLlTY Detekmina- 
TiONS.- Then' are certain considerations which 
affect the accuracy of the results obtained with 
any of the \aii<)us tyjx's of apparatus deseribcKl 
m the preceilmg section. In aihlition to those 
discussed below each melhiKl of determination 
n'quires piwautiouH incidental t<» that metliiHl, 
such as accuracy in the calibration of an 
interferometer or kallmnmieUr ; these are 
outside the scope <»f this article, 

(i.) J*re}Kir(ition of Sprciwen , — Tlie smaller 
the area of the fabric uiulcr t<'st the leas is the 
allowable error in the delimitation of that area. 
In most apparatus the inner inlgc of the flange 
of the drum is as.sunu'd to isolate the enclom*d 
f.ibrie. For such large aix'as as are uaed in 
the N.IMi. and Maiicliesb'r drums the error 
IS probably unimpoilant with most classes of 
fabric. It has, however, been observed,® 
that in cei-inin classes ot rul)lx?red fabric 
serious leakage of hydrogen may occur 
between two layers of rubber st'pnrated by 
a layer of the textile r this is most obvious 
when one of the rubber layers is merely a 
thin facmg of 10-30 gni, jier wj. m, on that 
side of the fabric which is to bo cxjiosrxl 
to hydrogen, the main gas-holding layer 
Ix'ing totally scjiaratcd from it by the thickness 
of the cotton threads. In such cases, the 
I fiatige d«H*s not deline the aiea which is 
exposed to tlie gas, and the true permeability 
could only lie obtained directly with an 
infinitely large area. Daynes {Ujc. cit.) has 
measui'erl the rate of lateral diffusion along the 
textile for seven balloon fabrics of different 
construction or manufacture, and found values 
of O'bOOS to 0 (K>10 for the “ penetrability ” 
or diffusion constant, defined as the numlicr 
; of c.c. of hydrogen ixjr second which cross a 
section of the textile 1 cm. long for unit 
^ concent ration -gradient normal to that section ; 

; hy concentration is undersbxHl the ratio of 
partial pressure of the hydrogen to the total 
I gas pressure, so that unit gradient of concontra- 
I tion will occur if the textile is exposed to puro 
air at 1 cm. from the section whei^ it is 
exposed to pure hydrogen. From a mathe- 
matical analysis of the problem, with certain 
plausible assumptions, he concludes that if 
• 

• Barr, A.C.A. Rep. and Mem., 1917, No. 313 ; 
Bhakespear and liaynes, ilnd., 1917, No. 867, and 
1918, No. 435. 

* L 
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tbt) < ui cH| 4 (* of u two-ply fabric iH not sealod 
the loHM of tjaH Ix-twaaai the tw<» layers of 
rubber in the worst eiiw' that in whnh tlm 
two jiie (sjually permeable— tnay cause the 
a[»p.irent pcrme.iluhl y to be some 20 jier cent 
lower I hall its true valiu', even with a test 
area (»f HHM) sip cm. If the cut eilj'e i.s at a ' 
ilistaiici' of 1 cm, fiom the inside of the 
llan| 4 e anil is sealed by S'lnie j^as-tiirbt material 
whii h extends over that 1 cm , the apparent 
jKirmeabilit y may tie increased in the w’oist 
case of a three-ply balloon faliri'* th.it in 
which the middh' layer of rubtiei is ^ood and 
the two outside luyeis aie \erv piumeatile 
by Horne !IH |ier cent for a KM) sip cm. cirelc 
owin^' to the extimsion of the (dTis tive area 
by dilTiisioii alon^ the two textih* [dies on 
eaeh Hide of the mam niblier lay(>r Kor a 
test piece of Hiea ItHlO Hip ( ill. the error Would 
1)15 about II ]ier cent, but both of these 
e.stimateH would be increased if tlu' width of 
bolder covered by tin' .scalmy mixture were 
gi‘eat(*r than 1 em. 'I’heHe lij^oireH for maximum 
m’for do not allect the ii'producibild v of tin* 
ri'siilts on a t^iven app.iratus. 'I’he precision 
of tent ini' may amount to I per laait, but m 
HUi'li e.vtu'iiie caHCH, tests on jiieoes of dilTeieiit 
areas would ^ive different lesultH.' 'I’lio ditfer- 
ouees eoiild only be reconciled by measunrii^ 
the permi'abilitieH of tin' si'parate layei's of 
ruhlw'r and the e<»\. (Ucii'iits of ditynsioii alon >4 
tl.e textile and applying' a collection for the ' 
edp'e elTcct. | 

I’reseiit praetico in the mantifacture of , 
balloon fahries tends in the ilireetion of j 
aeeuuuilatiii^ as inueh of tin' prooliiuf as is 
convenient into one layer, loavinir only small ■ 
margins of weiglit for (he rubber reipiirod | 
for sticking extra plii's of textile to it, or for | 
providing facings. 'I'lius a two-j)ly fahric 1 
will have a main rubber layer between plies , 
weighing some 00 HKt gui. per 8r|. m., and 
having a permeability of the order of 10 Ids. j 
per stp 111 . per day, and on the gas face either i 
no rubber at all or only a coating of 10-30 j 
gm. per ni. For such a facing the j 
minimum ]HTnn'ability obscrveil by Daynes i 
was ItiO times that of the mam layer, .\saum- ! 
ing vahu's of KMK) Ids. per s<p in. per day for ! 
the facing ami (M)! cm.-seo. units for the ^ 
lateral diffusion eoustaid, the error in perme* j 
ability determiiiatiou with a lOO sq. em. drum 
would amount, on the assumptions previously , 
made, to some 7 pt'r cent if the edge were 
not seidod. Two-ply fabries must, therefore, j 
always have their eut edges sealed, and since 
Uie sealing mixture can obtain access to one i 

* Kdwanls ami IMrkerlng {Hureau of Siandardt 
iVe». rnper, 1020, No. 387) gl\e the n'sults of tests 
on a two-ply fabric having nihlM'r facings on l*oth 
sides -'Whicli is tluii similar to tlie tliriM'-ph material 
abo\e mentioned -showing tliat wiicn the exposed > 
area of a 130 1 'ln.* test piece was UK) cm * tlie apparent 1 
periucahUlty was 118 llts., wldle with an exposed j 
area of TO <. in.* it was 10 0 lUs. ‘ 


Burfuee of the main layer, it may be used also 
to delimit the area under test by moans of a 
covered hord(‘r. This is the mcthml atlopted 
1(1 the normal uw of the ShakesfK*ar |)ernie- 
ameter: the fabric is clamped between two 
equal aeciirately turned metal di.scs wdiieh 
are mounted co- ixially, and the w hole ih dipped 
in a meltetl mixture of lu'cswax and vaseline. 
On eooling, the Hemi-solid gieasc servos to 
delitie the exposed area am' to en.surc gas- 
tigldiH'SH at the junctions between the fabric 
and tlie (langes of the druniH. 

Witli a three-ply, or doubly faced two-jdy, 
f.ibrie consisting of two thin rubber layers 
Hcpaiated by textile fiom the mam rubber 
jipxdiiiir, thi.s method of procedure will, as 
shown alM)\e, give laige eriors even when the 
disc has an area of l(MM) n([ cm. Such fabrics 
nifiy be teHt4Hl with unse.ded edges if the area 
H laige, e f/. on the NM'.L diiims the error 
would lie less I ban 2 per c(*nt. I 'sing a 1(K) sq. 
cm. pmmeameter tfie results wmild bo 7 per 
(•('III low' ; if tins size is to lu' usisl it beciunes 
net 4‘ssaiy, its sug<'e'jt<'d by tlu' wider (for. c/f.), 
io remove the coating of nibb(>r on tlu* gas 
sid»> metdiaincidly Ixdore applxmg tiu' sealing 
mixtuie. 'I’liis may lie done with sullicient 
[ ucHiiaev while the fabric is chimped between 
tilt' tlises pri'jiaratorv to dipping. 

(ii.) Kffectof Unniiiltli ^. — \'anoua isolated ob- 
servations have pointed to the jirotiability id 
the permeability being ufTected liy the hygro- 
iiietric state of the gases with which niliber 
IS in contact. Payen found in 18t‘3 that water 
w.us alisorlK'tl by rublier to the extent of 
04 per eeiit on long standing. Anothi'r 
oliserver ^ noticed that a rublx'r tube full of 
carbon tlioxide, w hich under normal conditions 
collapsed in twelve hours owing to the permea- 
tion of the gas through the rubber, did not 
collapse in a month when the system was dry 
and was kept in a desieeator, although 
jiraetii'ally all the carbon dioxide had then 
csca|>od : this indicates that tht' jiermeabilities 
by thm gas and by air are differently affected 
by nioistim*. When the N.P.L. apparatus xvas 
originally designed, a condition of drxmess was 
seleoh'tl i>witig to the convenience of removing 
as much moisture os jwa.sible from the air 
stream by bubbling tbniugb sulphuric arid 
before it Wame mixed with hydrogen ; 
only the small (juantity of water taken up 
fn>ni the fabric had then to bo removed l>cforo 
combustion. The hydrogen and air currents 
used to be left running overnight to establish 
steady conditions before beginning the teat. 
With the use of smaller drums and the develop- 
ment of more rapid giethods of testing, the 
drying t)f the fahric ''neees.sitatod a delay. 
Shakasjiear ’ accordingly investigated the 
■X)ffoet of tlrying on the jiorraeability of two 

• Uo.U, Vhtm. Ztf., I'.iU. .xxxvill. i249. 

* ,^.(’. 4 . Rtp. and Mem., 1017 , Nq. 317 . 
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fabri(' 3 , unii found that when the samples 
were twK'd in the ordinary air-dr>' state the 
observed rijUsi of |K«rmeatii*n were in one 
e^ise 4 |R'r cent and in anotluT |>er cent 
lower than when they were exposed to dried 
jzastvH f'ir thnv or four hours. This result 
was eontiriaed at the N.P.L.’ on the 
Shaki'spear app.iiatns. A reprodmihle <litT«‘t- 
enee of ."> per e*'nt was found between the 
jKM iueal)ihties imheated for a “ 10 litrt' ” 
fahne after tw«'l\e hours’ eoutaet (»f the fahrie 
with eases which had Ikh'U resiKS‘tively 
Imhhhsl throuuli eitneentiatisl suljihune acid 
and thioui»h water at the temiH-rature of the 
appaiatus, i.r. about IH'’ (’. An etha-t of the 
Stitiie onh'i' is noted hv Kdwards,'^ NViien the 
were at tio per cent relative humidity 
the ohsenod liMk.im; at 2d t'. wa.s 4 to 5 per 
rent lowei tlevii when tliey were dried hy 
sul)>liuue <i( id. Tlie time of eontaet is not 
hl.ited, hut 1 * IS mentioiuvl that the dry jiases 
still took up some nioistuK' from the fahrn- 
after se\(id liouis' passap*. 'I'he w.ilei 
vapour in two-thirds satuiated hvdiojren at 
2d (' oi in satuiati'd ua.s at IH"” C. ri'duccs 
the partial piessure of the jjjas hy some 2 jier 
tent, HO that the desie* atmn is only resjioiiHihle 
for a 2 to ;{ jter er'nt iiieieast' of permeability 
hotli in Kdw aids’ and in the N.i’.L. cxjieri- 
menfs. 'I’lie Huieau <if St iiidanlH aecordiiif^lv 
rts omiiieiidri the use of diii'd irases, eonsiderin^' 
the uMin ill aceura' v <ditainahle l>y regulating 
tlu‘ liuimdity not worth the extra comidieation 
in pioe('(luro. 'I he latest sjiet ifieations of the 
Ill’ll i-'h I'lngirus'i’ing Standaids A«soeiatioii, 
howi'Ver, rnpine the gast's to Ih' brought to 
bd [>er rent relative humidity I'V luililding 
them through dilute sulphuiic arid (dd d jht 
r'eiit a< irl, l>|* l'2bH) at the Punperaturc of 
the iliums. 

This pioer'dure is arlopterl in the light of 
mote (omplete (‘xperiments leportr-d hy 
Uitr’hi<‘,“ which show -- 

(а) 'riiat the (‘ffr’ct of jiartial saturation 
with moisture is only of tin* above order with 
fabries of moderate permeability, liut that with 
fabries leaking 2d or more lits. jkt sep m. per 
il.iy the dr'ereas<‘ in rate of hxak after twelve 
hours’ fonta<’t with the saturated gases may 
amount to dS )>er cent, and 

(б) That saturation is not complete, with 
the rates of flow’ and dimensions useil by him, 
after twelve hours, but ciuscs decreases in 
leakage after fifty hours, which may amount 

20 per cent or so even for fafirics showing 
a penneahility when dry of 10 hts. per sq. in. 
I>er day. 

Ritchie himself conuludea that it is only 
for fabrics of high pennealiility that the 
hygrometric state is of imi>ortance in routine, 

* ftarr, -4 f’..4. tWp. and ^frm . 1917 -IS. No 504. 

* Burmu of StandardM Techn. Paper, No. 113. 

* A,V.A. Rep. and Mem., 1917, No. 360. 


testing, and that the use of drietl gasr's is 
|H‘ruii8.sihle since the large variations found hy 
him rmly occui when the fabric is almost fully 
satuiat4d, a condition which is not liable to 
occur in onlmury Inboratoiy tests. 

(ill.) Effu'l t,f He.*i<1u<il Solrent.- In addition 
to moist are, which a normal constituent of 
a proofed fabric, ctilain classi's of airship 
fabric may ut'o contain small (piantities of 
thi‘ solvent usi d in coni]) .unding the ruhlier 
ilough usfsl for " sp eadiiig " the jirooling on 
the fahrie. Although the sul)M'«iuent healing, 

, which occurs after each ]m8sage through the 
I “ spreailer ■’ in ouh-i to allow the material to 
; lx* Wound on to lolUrs, and the final “ curing 
of the mixture in the vulcanising ehamlxT 
i are supposed to eliminate all the solvont, it 
IS obviously posHihle that smidl nuantitles 
may remain in a heavilv prooftd falme of 
reteiil inanufaetme; in fact the solvent can 
often Is* HiiK’lh'd. Ritehii' (foe (-/.) notes that 
eu’ors due to solvt'iit have oeeiirreil in the 
ti'sting of home tvjies of skindnied faluic 
(ruhlH'ix'd fahne to which goldU'at^'is’ skin 
Invs lH*eu stuck hy means of nihhor cement) 
and of seamed ti'st puTcs, in neither of which 
cas<'s, <if course, had the inateriid Ihiui luxated 
aftm the application of t’nc cenumt. Apart 
from such instances, Kd wards (foe. rif.) 
mentions that fahriis of oiu' comjiosition 
itiily among many ti'stiMl at the Jhireau of 
Standards ha<l Ih-cii shown to oei-asion tho 
possibility of error from this source. It may 
Ik* rcniarkeil that the evolution of solvent 
] vapour Would I’ause the a])parcnt permeability 
I to 1)0 too high when the hydiogen is deti-rmined 
I hy comhuHtion, an<l too low when the gas«‘ou8 
* imxtim* is anaiysKi hy means of the interfero- 
' meter or kalharometer. 'J'he use of sulpliuric 
i acid as the agent for lirying the gaseous 
mixture which leaves the liruius is some 
safeguard against iTrors of this nature, since 
I the strong old is an absorbent for aromatic 
hydroeurbona whuh constitute the usual 
“solvent naphtha” cm])loy<*d. Only the 
paralhnoid hydrocarbons are tlien to Im 3 
feared, and these arc of comparatively 
infrequent oecurrenee in tho proofing. It is 
in fact fouml that tho first aciil tul>c in tho 
j N.IMi. apparatus (Q of Fig, 2) soon l>ecornc8 
discoloured in the ordinary use of the installa* 
tion, f»wing to tho absorption of vapours, and 
requires frequent renewal. In any of the 
methiKls for |H‘nneahility determination, errors 
due to solvent may 1 h‘ eliminated by running 
a blank lest with air on IkiIU sides of thS falirio 
before and after the test jiropcr and applying a 
mean correction. In practice this would only 
be done il the fabric had a pronounced odour 
! of solvent. • 

(iv.) Effect of Temperature . — Graham noticed 
that rubber films increase in permeability 
with rise in temperature. That same 
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(tppiit'M u> hulloon iaUr'u^^ wan ofw'rvinl Uy 
Jtjiwmliain iin<l Bftrr,* »in(l nu-aH»ir«*m<*nt8 of 
thf t^ifiifMTfitnrr rooflirieiifM Imvc sinco lK*«*n 
iruui<’ by woik«'rs. Sinco tho {M-rriio- 

fiMtitv of ruMn^r Ihw mIiohii to Imj a 

function of two pliyniitil proctMHfrt hiivirn? 
<lifTorftit (cfjijHTatnn* coclln icntM (m t| (!i)), it 
Ih Imnlly to be ('X{MM't.ntl that thrTo Hhoiihl 
exiHt any minftle law <;onne<!tni« tom|M5ratnro 
Hnd irtTMicabilit V. 'riiat them in, h*>wrver, at 
hiiwHt a i/ood (v(ij)roxitnathin to a loo.trithmio 
n'latioiish»|) H whown by the Hubjoincil 
iliagrarn (t'ni Tt). ItesultH obtained by 



(lihfMmji and Smith* with two fubncH I. arvl 
II. having reHjMHMively Ido and bol o/.. 
of rubber {hw mp yard, by l*oni(t ami Allen.' 
by Shakofipear.* and by K«l«ur<lH,' havt' U'en 
ixhIiuhmI to a common perineabdity of 10 li(«. 
IH'rmp m. per<lay at lo' ri('.,und the lojiarithniH 
of theao MHlueed jH'rmeabihtica plotO'd au-nin^t 
U’injK'riv*ure. It mil Ih' Mcen that tho pointa 
for (UblHina and Srnilh’a heavier piooliiu; 
and for Shak«"<|K'ar’H fabric he nearly on the 
aamo straight lino, while the diverfiences fnun 
straight lines in the other ciwcR are pn>bably 
within the limits (d error of the cx}H‘rimenta, 
Further, it uiuy l>c reinarke«l that tlio highest 
emdlieient is given by tho fabric used by 
Porritt and Allen. h»r which the |a'rmeahility 
at iri*’ *') (\ was 4 7 lits., and the lowest by 
(Jibbons ami Smith’s lighter fabric, which hail 
at that temiH'rature a |H'nneability of 60*6 
lits. |>er ssp in. per day. The other fabrics 
had |iermeAbilitiiNs at In '-5 (\ in the neighlHiur* 
hiMsl of 10 lits. Hence it appears to lie a 
rough mIo for rublH’Ti.Hl fabrics that the lietter 
the pro<Ving the higher is tho temperature 
coefticionU 

* rrrAs. lb'll., IV) 1(V-11. 

• Ftritt .twH. S.A.C.A., WasWnjrton, 1015. 

» AX\A Rrp. nndMem., 1017, No. 51S. 

• IM ,nm. No. 604. 

* NHrMM oj StamianU TecAn. Papert, I0l», No 

113. o 


This is in acconlanec with the usual view 
that high {lerincabditics aic the result of 
defective manufacture and are duc^tti ordinary 
diitusion or etTu‘'ioii through mmutt? holes 
or passages ; tin* temperature coetlieicnts of 
these pn*cesfM's an' nimh lower than that of 
|M‘rmcahihty or ditfusKai in rubiKT. 

As mentioned above (|>. lilH), a logarithmic 
relation was found hIs 4} by Dewar for niblier 
films. The only lesidtH w bicb are in contradic- 
turn with all othei-s an' tlo'se of Fren/.el,® 
who found a constant t<‘m[K‘nilun' csx lhcient 
for the continental f.ibiuH used by him. 
'I'lie data avaibibh' arc msiitbcient to deny 
the {M'Hsibility of his rc.sults having been 
ai ciir.ito 

(\ ) F.Jiotnf Prrs.sitrr 'I’lie piessure prevail- 
ing in tlu’ test drums iiitluciiccs the app.in’iit 
permeability m two wa\s. If the pie. sort' IS 
the same, or iliib m bs a const. int amount, on 
the air ami b\<liog4 ii M'h s of the fabric, tho 
m.i.'*s leaka^/e may l«‘ ixp^'ted tn be propor- 
tional to the fuessuie, Sima* the solubility of 
liNilio'Zi'ii in lublM i wjis piovc«l by K.i\s< r to 
Im* proportional to the piessiiie, i r. to the 
I'omeiitratK'n of the uas. Th«* t»bsti\c<l late 
of permeation shoidd, thciefoie, \ai\ with 
the baroinetiic pn*ssme )»n>v ailing. 'I'liis has 
not attually l>t*en iiotieeil, .‘.nut' th<‘ normal 
vaiiattouH in atniosplu'rie pte-siiie do not 
oxieed some > 2 jk't ei'ut. which is ncaily tho 
limit of .'U'euimy of the U*.Ht deteiminations. 

It has, howe\er, Ua n )»ro\ed fuiily conclu- 
sively that the pcrmeal'ilit n is proportion.il to 
the partial pmssure of the I.N'liogcn when this 
is i.iried by the mlimxtme with it of another 
gas.* 'I’he practice has .u i '>rdiM'j;ly Imsmi 
adoptisl hy most workirs of reilming tho 
(K'rmeahilit\ ol)s<*r\ed at a batonielne press- 
ure p to that at the standaid pressiue of 
7*»0 min. of mereiiiN b\ multiplying it by 
Ttiri/p. 

Several invest igators have «>etupiial thein- 
, selves with the problem of the ellect of tho 
dilTen'iiee of jiresaure U't win'll the two nidi's 
of the fahrie. I'ho working pre.ssuio which 
^ U ne('e.s8a.iy in a non-rigid uirslnp in order to 
j preserve its form and t^) support. t)ie load 
earrieil is of the ortler of lit) mm. of water in 
! exi'ess of the external pressun' : in a spherical 
I balloon of diameter H) metri'S with filling pi}K! 

I oiK'n, tho excess pressure due simply to the 
' height of tho hydrogen column is III mm. of 
; water at the toj., v'^inee the leakage of gaa 
’ from a Iwtlloon or airship used to tw' considered 
; as due to aetuol porosity of the j)riM)ring, and 
j would therefore be expected to vary with the 
j preiwiire difference, it^^ame usual to s^ieeify 
J that an exwas pressun' of .‘tO mm. of water 
! 

1» • f*brr (/i^ GaMHrcMasngktii dtr Rniioiiftoffr, 1014. 

; ’ Harr ami Thomas, .4.r..4. Tethn. Rfj*^ 1912; 

I Edwanls and Pickering. Chtm, aad .1/d. Rng., 1920, 
xxiU. 19. 
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»hi»u)d be maintainod duHng the pcrmeahiUty 
teat. Ill Ik) far aa fabrics of high [termcability 
arc cotioorjied, in ivhirh part of the leakage 
occurring -a pttssibly due to actual efluaion 
or transpiration through ininuto jn^rcs or 
capillary passages, and for tests on seuins 
in which such efluHion is always liable to oicur 
aliuig the lut edge of the fabric, the I'l-Uai- 
lion of this tigure for the excess ]»rc8Sim‘ as 
advisable, liut with rubbered fabrics giving 
Jiennealiihties of less than 10 lils. ikt in. 
per day the jjorosity must account for only 
a small fraction of the total leakage unless the 
pucs aie f»otli e.\ce<‘dimily stuall and excca^d- 
ini’ly numerous. Thus Hitchie ^ calculatc'i 
that (5tTusion tlin»ugh a “ingle hole 0t)l cm. 
in diameter wouhl gi\(' an apparent perme- 
aluhty, on a KKH) im sample, of soiiu* 
!10 hts. jMT s<j. m. |K‘i d.i\, and that transpira- 
tion ihionlih tube.s ul em. long ( - thuikness of 
luldsT l.i\ei) and OlKil < n\ in diameter would 
give a leakage eorrespoiuling with 70 Ills 
pel sii. in. iKT day if the tuln'S oc-curred so 
iiifrisjnently .w one piT sq. ein. Attually, 
the latter diameter lievng only ratlmr loss than 
sixty times the mean {r<a‘ path of hydrogen 
at atmospliene pris-ure, the eah ulatt'd leak 
m'ed^ ii) be im rea,s( d m onler to take account 
of llio ““lip” iKCUinng at the walb of the 
supposed tulles (e(. Kundt and Warburg’s 
I'XjMnmeiUs on tlie flow of gases through 
IuIm's when llu' mean free path is longer a 
small fraetion of the diameter of the tul>e). 
For (ids’s of smaller diameter the effects of 
MH.'O'itv evintuallv liecome negligible in 
eornpanson with what Knmlsim* calls ” mole- 
cular llow,” wluih for a givin excess pres-sure 
vanes as r*/ s ^ instoaii of as r*jr) as in visc-ous 
flow p radius of tuU', p- density of gas, 

V vifS'osity of gas). 

No e\idene(‘ has ever Ixjen pnHlucod which 
donionslrates the existence of any porosity 
in go<Kl balloon fabri< a Different workers 
have <d)taine<l very variable figures for the 
iriereane in p-rmeability oe« urring when the 
execrts ])reasure is raised. Thus, for t\\»)-ply 
fabrics over the range 10 mm. to <>() mm, 
water excess jireasure Frenzcl (lor. cU.) found 
increase's of tlie onier of lltt ]>cr rent, Ritchie * 

0 [XT cent, ami Edwards and Pickering (foe. rtt.) 
about t* jK*r cent. The change in partial pressure 
of the hydrogen accounts for only 0 5 per cent ! 
of the increase in jx?mieabiljty ; the variable i 
remainder is to lie ascribed to the different 
extensions of the teat pieces, Xhe extension 
and eonse(|ucrit thinning of the rubber is i 
checked by two causes : of these one is the , 
result of the Hiip|K«V aflonled to the rubber ' 
membram* bv the plies of textile on whicli < 
it is spread, the textile stretching very my eh J 

* ft. and M. of A C.A , tOlt), So 584. 1 

* -4n«. d. PhtfH; XXV. 75. i 

* R. and M. of A.CJL., 1917, So. 360. 


j leas than rubber would do after a given Hinall 
' piwssuro difference has 1 kh*u exceeded. In 
I many de.Hlgn^ of iKTineametor the bulging of 
I the bibrie i-* riHiuccHi bv means of projections 
I from the drum t>r by wid< -me>.hed win) gauze* 
The tension prmluci'd in the fabric by a given 
excess pressiue wdi t imsc-ipiently vary with 
the dimense m- « id const! m tiou of the 
' pernieanic^er 'the hinjei efTiH't found by 
Frenzel than by E<lw ovls is piesiimably, 

' thendfire. 1 » Ix' c< .relatetl with the fact that 
hb fabric was uuhujiported over a square of 
38 cm side, while Edwanh u:cd a gauze 
Hujtport with a 3 cm. mesh. Ex[M'rimenls 
(»n the variation of js rmcability with jinissure 
ditlerence must therefoixi be mterpn^ti'd with 
some caution ; tlicv me of little [iructical 
value, npait fnim the st.iuly of the parti- 
cular ajiparatus uwd, unless iU ( otiqvaninl by 
determiiiiitioim of cxt^nision, which eiui be 
most re-atlilv ina<lc by allowing the fahiie 
to bulge freely in a < iii ular drum and measur- 
ing the height of the neaily Kj»lieri<‘al cap 
prx)ducfxl. 'Phe conditions occuiTing in an 
airship when* a small exeesH jiressnte jiroduecfl 
a lonsiderabh* tension aie not so reiulily 
repnulueed : tlie true pnasiiie effect, that on 
the viscous llow of tin gas through pores, 
requires to Is* ohw'rved sejiaralely by smno 
such means us that suggested, but the effect 
of the extension jinxlmiHl in the envehqio 
must ho «»btaim*d by jirodming the reipi.riMi 
( hange in dimen»-ioiirt Iwfon* clamping the 
t(*.st piece in the jici meametir. No tests of 
(Ins nature ajqsar to havi* been made on 
rubliered fabric, though lluy are important 
for airshi]) piai'tu c. 

(vi ) Phntjf and Hole of Flou'of f/asM.-- It is 
obvious that if tile hyilrogen eontains air or 
other impurity the observid jH-i-moahilif y 
will lie t4M» low. It has been shown ( 81*0 
pn-cediiig section) that the js'iniealulity is 
pro|>orti< riHl to the jwirtial pressure of the 
hydrogen hence, if (he gas contains any 
impurity the presence t)f wfiieh has no effect 
on the Ruhsecjucnt analvKis of the air-hydrogen 
mixture produced by tlio leakage through 
the fabric, th« nuults fditainod may be 
c<jrrected by niuitijiiying by the noeousary 
f.actor. In the N P. L. apparatus the hydrogen 

prepared by eledrolysis on the sysrt, and 
hence contains pnietically no imjiuiify except 
some 0*2.5 per cent of r)xygen ; within the 
limits of ac(uraey of the apparatus this 
amount Is negligible. Hydrogen obtained 
from cylinders may contain carls^n* monoxide 
and nitrogen : the former copatituent U 
objectionable when the interfcn)mi*tcr is to 
Is; oiKwi in eatimating the difTuse<l hydrogen, 
since its refractive indpx is considerably 
higher than that of air, and the concentration 
of the hydrogen detiuced fr<>m the reariing of 
the instrument would tic too low U^arbon moa- 
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oxidu wore pruHofit. Tii tliurmul < nnilurtivity ' 
if <I(K>R fiot (lilTur tmit h fiDtn air, and hy a • 
uoriiiiiiHf ii*n fiK’tlioil it vvdiiltl not form any | 
wat^i to Ik' alwoifn-il Ml flic drying j 

liiipurifiiH dthur than liydiogun in thn air j 
iiHoil an- (itla-r witlumt ofTi i t or ran readily | 
Im' rlimmafrd : in onirr to avoid tlir prrsrnro 1 
of tlir formrr gas (lir ait is pn-fcrahly drawn j 
from oiitnidr the hinhiing. 

Thrsprrdsof thr hydiogrn and air riirrrnt.s , 
p.issnig over the fahnr should Im* siirh that j 
the amount of l ithrr gas IraKing thiougli the 
proofing do< K no| srnsilily atfn I tin- purity, | 
ollirruisn roimfions hrroino nrrrsHaiy for 
thr fart that thr dilTrn-nrr in partial pn-sHurr 
is no longer lt)t) per rent 'Ihis rondition 
is satislinl if thr t onrrnt ration of hydiogrn 
in thr air or of an in thr h\diogrn is not 
more than (to ikt iriit liy volnmt-, sinrr noiir 
of thr iiH'thods usrd aims at anv highi-r 
arriiiai V than ahoul I prr ri'iil. 't he larger 
thr ti'st |»irrr, i onsnpiml ly, thr more rapid 
niust Im' the rati's of floa : for an ('\poHr<l 
area of 0-1 s(j, m. of a fahnr Irahing 2ti Ii*h. 
of hydrogen pi r i ip m. prr da\, thr vrlority 
of air iripiiird is somo 8 lits. prr hour ; 
thr hydrogen stream tlors not ner<l .‘o Iw- more 
than l-Ti to L* hts. per hour. If it is iii- 
I'onvrnient or, as in Shakrs|M'ar’8 ronslant 
voliiriK' iiirthod, imprai tirahlr to keep the 
conreiitralion of hVdtogrn in thr an to so 
loW a tigurr, a rorrrrtion must Ik' iiiadr. It 
may hi' pointnl out tliat, in a roiistant (low 
nii'thod, if thr i.ssuiug ruixturt' routniiiH 2 [W'r 
rent of h\iliogr'i thr rorrrrtion is only I prr 
rent, siu<*r this is thr avrragr lourriitiation 
of hyilrogrii In thr air insnio th(' dnim It 
is assuini'd, as appears rrasoiiahir thron-tir- ' 
ally and from some I'XjH'rimrnls hy Faiuaids, 1 
that tiirhulrnrr of the rurrriits is not appn'rn i 
ahly more rITrrtivr than is five didusiou in | 
irnuiviuc; thr gas whirh lias prrmratixl thr ; 
fahrie fn>in the imnu'diatc vicinity of thr 
Murfarr of thr proofing. j 

(vii.) Ki{uilibrtnm I'friad imd /himltun of 
7'r.d. - As was mriitionisl ahoxe {§ (d) (i.)). thr , 
stiX'aniMof hydrogen ami air m thr X.P.L. nppar- : 
tttus usrd to 1)0 loft lunnmg overnight brfoix) 
iM'ginning a tost : this was largely Invaimr of , 
tho siimll ra]WM’ity of the clrrtrolytir hydrogen 
genemtors ivlativo to tho volume of the rtwt ! 
of the apiHvratus. When it horame nernwivrv 
to carry out mort' than one set of tests iht day 
the air was rtMuovixl fnun the lower drum 1 
by the use of rompresiM'd hydrogen, whirh ' 
allowril u mort' rapid sweeping out. Kikdiie i 
(/or. l it.) gives details of tesk on drums having ' 
dimensions .similar to thow of the N.IM*. 
ap|Miratu.s hut shallower, the volume of earh 
half of the drum^ln'ing some 2-5 lita., which 
show- that when the hydrogen and air are 
passoil in at rates of al>oiit l.^ lits. {ler hour, 
the air ia all e.\peUod from tho hydrogen 


side and a uniform composition obtained in 
tho air Hide after aljout fifty minutes. 1 ho much 
smaller volume of hydrogi-n ( liai^la-r in the 
Hhakewfa-ar a()paratus (oO c,r. or bo) ran Ih) 
swept out in ten minutes, 

I'M wards * gives results for thr rate of 
absorption of hydiogen by rubbeird f.ibne 
i‘V|)oH<-d to thr* gas on Istth sidr.-J, which i»onit 
to the romliision that ih«‘ rubber is not 
saturatr-d undr-r iheM- conditions until it lias 
la-en m contai t with hydrogen for sixty to 
nim-ty mmutr-H, but Sliakespcar mr-ntions tests * 
which indicate that a t oner t figure for thr prr- 
meahility was ohtaim-rl m two casr-s within ton 
minutes of staiting the hvtlrogr-n ‘*tieum. 
An or|Uilihiium jwniotl of fi()m half an hour 
to an hour is now gcm'ially lecognised as 
being Mufht H'lit affer the liMlrogeii snie of 
thr appirafiis has her-n flushed. ( '.ises ati' 
irtoitleil, howr-xti, in wlmli irufjim Itallooii 
fabiKs b-ivr- sho\>n ciuions runation.s in 
prriiU'.ibility t»vrr priiods of a few days or 
j rva'ii hoiir-i. 'Thus Mdwaiils [lix. tit ) mentions 
1 tho following: (1) .\ sli.idy drciea^t- fii>m 

I.Vl Iits. to Ilf Ilfs, dill mg foiii HliecesslVO 
rlays : (2) a tli-i re.i ir' from 21 I hl.s. to 11)2 

lits. ill 2J honis ; ^!t) a (Irt n'asr fioin ISD to 

14-5 lits. in 4 hoiiiM .tuotlir'f te^t piccr* from 
the samr' f.ihin four monih** later slunMiig a 
rb'erease rhiimg 21 Iioim'J te'it fioin 17 2 Ills, 
to 12 Ids. ltdi lllc cites a case (4) wlieio 
duplitalr* r'etei minaf mns on tlx* Nimi> s,imple8 
gave .*».'» Iit.s. ami 7 -lo Ids at the fll^t tt-d, 
ami 1) !) Ids, ami id 1 liN nnIicii rc tt-sted four 
(lavs latr'i*. \’ ii lat ions of the older «'f a ft w 
pri cent havr* Ixs-n nofeed at the F L, 

w hr-a tr-sjs havr ot*c.i-.ion dly hts n firolongcd 
over a vcholc wr-cK, hut d has iisuallv hern 
possihh' to asciihe them to act idcntal in- 
constancy of flow of inr or gas, to dcftstice 
tc'm|H‘r;iluit' r-ontml, to the de\ilopinent of 
leak III the ivpparatiis, or .soim' sm h e.iusi-. 
The foil! instances givi'n al>o\c are, however, 
voiiehed for hy thr ir-sjH't-tixt' antlu'M. It 
may further Ik* rt'inarkcd th.d the tltt-reases 
found hy Kd wards and the incnaisos notr-rl 
hy llitehie arc both, owing to ih.e dirTcrcnt. 
im-thods of analxsis nscsl hy the two expeii- 
Mir'iitr-i's, in thr* o[>posde dim tioii to lliat 
whieh wt>uhl hr rausr<l l»y gradual removal 
of rr'sidual solvent fnim the piooting. Kite hie 
suggests that r hangt'S .such as tho.se known to 
r>cciir in ** after vulcanisation ” art- n'sponaible 
fur the variatitms in jH'rmr-ubilitv, thr latter 
prr»j>erty U'lng cafmhlr of indu-ating small 
diflferrnres in the strurtiirt' of the tilm whirh 
art' at pit'srmt rlctoctahle hy no other chemical 
or physical methori ^-f r-xamination. The 
higher temjs'ratur*- of tost (2.1^ (’ ) used hy 
Etlwivrds would tend tc make the phenomena 
iliore rrarlily noticeable : indeerl, he remarks 

• /turmH nf Stamiariis Trchn. V»prr, No. 113. 

• A.C.A. Rep. and Xtem., 1917, >'o. 317. 
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that heating the samples to 50® C. or 70® C. 
generally eauses a detreaae in permcahility. 

(vUi.) Mj^thtnln of TtKlitu} th( PermtabilUtf of 
Semuft and of Kntdoiti.’t in Strru e . — Tiir proofed 
material n^ed in the constrnetion of balloons 
is usually nuiruifaetun^d in rolls of a width 
not greater than about I nu'tiv. It is obvious, 
therefore, that there must be over 1 metrt' 
length *)f warn to ever\ s(juan' nudrt* of 
fabric. Owing to the ilesign of the inveloirt? 1 
the ratio i.s more neatly of the onler of 3 i 
metrej< of st'am per sijuare metre in certain I 
balloons. Hence the leaKaee at the scams . 
may form a serious item m the gas eonsump- ' 
tion, if the normal jkm meability of the fabiie 1 
is exceeded m the seams. Without entering ' 
into details of tlie methodH emj)lo\e<l in i 
Kiaming, it may be explained that the cut ; 
edi:es of the faliiic are ovcrla jipisl, H.iy, 2 <-m., 
stm k togetluT with rubber solution, ami si'wn 
with a double mw of siiiches some 1 cm. i 
ajjait, ami the free edge ami stitili hole.s are | 
aolut lolled ami io\ered o\er with “ taj>o ” ' 
Consisting of a widtli of some 4 (in, of .single* ' 
ply fabtie, ( ut on the bias and piovidetl with { 
11 f.u ing of nibb(’i. 'I'be stitclimg is KspiiKsl 
although the stmk si'.uus are imtiully as 
strong as the letnainder of the bibtie, hiiks' 
on exposuie tbeie is a possibility of tin* 
adhesion failing iinles.s the woik iias all Ixsii 
very (ai(fnllv peifotmed. (H.viou.'-ly (he 
rows of s(it<hes provide arrsis of egiewv for 
the hvdiomn, and the ta|Ks uk' mt(“nde<l to 
redmi' till' leakage due to this (alise, Krorn 
llic ohsi ivatioiis mcntioTud in tj (h) (i.) it is 
dear that eoiisidciahle leakage might also 
()(■( ur laterally along the textile between th(‘ 
vaiiotis laveis of luhlior, e\e<‘j>( with a fahru* 
wlmh has gas-tight luhlx'r coatings both on 
the inside and outside faeis, an arrangement 
which is unusual for other rvasmis ; if the 
ta[>e }K’i-foiimsl its furution projw'ily this 
leakage would l>o mliihiled by tlie fact that 
the lu{H‘ extends beyond the cut edge of the 
fabric and is stuck to the .subjacent maten.il. 

It is c'onsequently jm|s)rtant to examine the 
behaviour of a complete w‘am. 

'I'he usual methods of permeability deter- 
minalion have hcmi ajmlied to the mve.stiga- 
tion of sevuns Vty comparing the leakage 
observ’e*! for a test piece of ordinary' matenal 
with that given by a piece whieli includes a 
W'Hin or, if the drums used are large, aa at the 
N.P.Ii., by a sjeeially made piwe in which 
several seams or a circular seam have Iieon j 
made so as to increase the length tested, J 
relative to the area of sample. This procedure , 
was sufficient to sheriff the additional leakage 
which the presence of seams of different 
construction would cause m an env'clope, but 
improvements could cmly lie made by methods 
of “ trial and emr.” i 

A valuable aid to the study of scam { 


leakage wjui devistsl by Shakcvsiiear,* who 
applied llie principle of hi.s kathaiometcr (ws' 
§ (8)) to this purpose* by jirovidmg il with ft 
projecting nog of alwuit 7 mm. diameter and 
I mm. ihiekiuss which could 1 k> appluMl to 
the fabric, the- otlu'r side' of winch was in 
contact with ludi-o^iu. The small volume of 
air so eiiclowsl, not niudi niort* than d .5 c,e, 
in till, Is'coii'cs contaminated with hvdrogen 
leaking thrt'ugu tlic oiv . c'xainmed, and tJie 
i.ite of Containing ‘ ion is obscrvasl ly the 
lelleetmn of tin* g.iU i.aomctcr of Hu* budge 
circuit SiiKc tlic Joint Im’Iwim'ii (lie metJil 
ling ami the f.iluic is ly ui> means gas-tight, 
the loiiccnti.itiou of hvdiogcu in the katiiai-o- 
im t»>r is riot allowed to um* a!><i\c 1) Ofi jier 
(cut, at wliuli v.ilut* the elfcet of edge leakage 
IS in gciui.d unimportant, The nspiiHile 
seusitivitv IS obl.iimsl ly the ii.sf* of a icllcetiiig 
g dv.inomctci ui'itf'.id of tin* portabb* l^jw 
picfciied for tiu* oidiii.ii \ pci me,. meter 'I’lu* 
eth els of (‘dgc leakage Im mgof i ( aigli'v t lu* same 
order f(tr dilli'rent puts i>f the Num* fabric 
8urfa((*, Hie late of dcllcitutn <4 tin* galvailo 
iiu tci 1 .S prop'Utional to Hie pi'imcabilit) at 
un_\ part tc'-lcd : tb< absohiK* s.dm* of the 
permeability i« obtaiiU'd (o tbi* degree of 
approxinmlioii mai'ssarv by making a iiumlh r 
of HU( h tests on a ]>icce of Hje saim* fabiic which 
has b(*cn le.sl<d in Hie ordm.ity way and 
deducing Hie reipiisite fa^toi. |i\ the aid of 
thi.s in.stiuimnt Hu* (jiiaiititu's of gas eH(a|iing 
from aiea.s of Id sip mm. (an be deleimmed, 

. 80 that Hie loeatu *1 of h'liks is shar|). 
i Shak(*spear wa.s .ible to sboW' Hi;d even when 
the (ape i(H( If h.td a pirnioabibty iiu gnsiter 
I than that of (be fabtie \eiv large leakages 
! freijueiitly o<(Ufi<(l in warns made by Imlhain 
1 construct* >rs owing 1*» impi*if(*it roliitiomiig 
I of Hie (a|)e to tlie fabiie : Hie leakagf* in such 
i e.'UM'H was shown to be due to dilluHion along 
' tlu* textile (itlur Iwivveiii Hi(* main layer of 
' rublier and the Him fa( mg or, when* no facing 
, was ns(*(l, lictwisn Hu' ru blicr layeis <)f the 
I balloon f.ib'u and of the tape. 'J'hc former 
' cause of loss of gii.s (ould lx* avaiuled Jiy 
omitting the fating oi by making it heavy 
; eimugh to lie leasonably gas-tight, the lattsT 
by retjuip'ng that for thi* first ajiplieatione of 
niblier .sobition to the textile surface tlie 
S'diition slunild lx* of low viscosity and should 
be well nibls'd in so as to penetrate through 
the cotton. Pig, 6, taken from »Shakes|H*Rr’B 
jmper, illuHtrates the nistriliuf ion of the leak- 
age, 8.B. 1 for a fairly good tajx* imjiroja-ily 
solutioned, 8. B. 14 for a bad ta[>e Virly well 
solutirmed. The srimll eircl(*s repn*»eni the 
imprints mode by the nox/.lc of the exploring 
katharometer, the figures mscnlied In'ing the 
p'rmeabilifies then* indicated, eahmlaUHl as 
j»er fKj. m. |M*r day. The dottesl lines n'pre- 

‘ A r.A. Rep. and Mem., 1617, No. S67, and 1918, 
No 435. , 
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m'fit tlif lint'H i>f HtiUhiDL', the- full lincH next 
tlu’in thr poHifioriH of the cut that to 

the left Im i/iu: tli(' corKW'iilcd inner «*d«e of the 
rinht-hand (mfwl ; tlie outer full lines are the 
etl^ei of the t<i(»e. 

A Miuipler hut less W'nwtive test has l>een 
used hy Kit'hie,^ whuh conHistH in elam])in^ 
a rtarrijile over a cylindncal hrass vessil having 
an uiMide diameter of ll o eiii, and forcing 



itoan P0rm0ahi/it^ of 4>#<!Un*n 91 ^/nidat 18-G t. 


S.B.14 

Ptrmtqbilily of Spocituon '» 4W /m d 
fi<nufil»»o on t'thor Sid* 4-H (if 1S-2*C. 



hydrogen into tho enelosuro up to a pressure | 
of 2t)-IO cm. of menuiy. This promlmr I 
}>uts the fabric under a Uuision which can j 
bo ooiculatod from the iieight (/f bulge ami the | 
oliaerved pt'ossure : tho pressure is adjusted | 
until the caleulaUHl tension is iOO or 2tH) kg. j 
por metve, the latter figure appmximating 1 
to the avecage tension in airships of tho S.S. | 
tyjie, Tho surface of the fabric is pamtovi J 
over with soap solution, and from the positions j 
and silos of tho bybblea produccil in a given ! 
Unio the leaks can be located and their j 
relative magnitudes compared. Very small 
^ .4.C.*d. A*|>. and Afm., 1010. No. 614. I 


leaks can be detected in this way. and the 
application of higher pressures rarely reveals 
any more. Tho essential differeniio between 
this method and Shakespetar’s that the leaks 
which are magnified hy increased excess 
pressure so as to become visible must be such 
as occur not by true j>ermeatioii through 
nihtsT but by transjiiration tlmnigh capillary 
pjisaiges : |>ermoation would lie magnified 
only III the ratio 9b/7f» or 1 Ifl/Tb, transpiration 
is incrcastMl in tho ratu) 272/3 f)r .'»44/3 over 
that occuriing in tho standard test under a 
pressure of .3 cm. of water. Thus in the 
H.implo S B 1 of Fuj. b Kitchie’s test would 
probably indicate the leakage at the edges 
of tho tii|)e only, but since tlie general quality 
of tho tape cun la.' separately c.vamined this 
H not a very .serious defect for tho purpose 
in h.iiid. 

Kor the examination of the fahrie of an 
enveIo|M' iidl.ittsi willi hydrogen Shakespear 
has nuMlifit'd the seum explorer above 
meritionetl hy providing it vvilh a senes of 
four or live giianl imgs at intervals of about 
1 em. so as to n-duec' the eijm due to le.ikugo 
at the junction l>et\V(sn the metal and tho 
fabric. By tins means tin* vanation m 
permeability ovi'r the suifaec' of an i*uvel(>|w? 
may lai (d>s(‘rved with an uceuracy of a few 
per cent if the nistiuiuent is c.dibrated 
against a similar piece of material rif whieh 
tiu' |S'i meahiht V has laa n luoasured in any 
of the u.su,i! ways. 'I'ht* neeessitv for tho use 
of a Hi'iisitive minor galvaiionu'ti'r limit.s, 
however, the nunilHT <d obsm’veis who eoiild 
!h‘ entrusted with the instnimont in an 
airship shtsl. 

A less aeeuralc but more robust and port- 
able apparatus is that known as Short’s 
detector, which (hqH'mh on tlu' difTerence 
between the nites of ddfusion of air and of 
hydrogi'M tbiough very tine poivs. .\ shallow 
evliiidrieal eliamfK'r is Isumded on one f.ice 
by a plate of jhu'ous eUy, the other face being 
formeil by a wire gauze, vvIiom' purjHist' is 
chiefly to protect the clay plate: the gau/o 
is applied to the fahrie to U‘ examined, and 
hydrt>gon leaking through the latter diffuses 
thnuigh the clay. On the other side of the 
jilato IS a s«‘<'oml small air ehamber, the 
pressure in which is indicated by a sensitive 
aneniid barometer. The ])on>us plate is 
selected to have n porosity forming a oom- 
proniise between the requirements of maximum 
gas - tightness to hydraulic flow of g'vs and 
minimum resistaiu'e to molecular flow. Rates 
of leakage over the ait*a of fabric tested 
eorri'Rjsinding with perfaeabilities of 25 lits. 
I>er sq. m. per day ran lie detected with some 

these instruments, and they can, of cmirse, 
be roughly calibrated by means of sAntples 
of fabric of known fH'rmeabihty. After 
test it is neccasary to flush the aneroid 
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chamber witli pure air. The comparatively 
low sensitivity makes the apparatus suitable 
only for k eating areas of excessive perme- 
ability : the variability of the ponius plates 
also makes the wmsitivity stjinewhat in- 
constant. But the instrumont has Wn of 
coiiMflerablc service in detw-ting jiomts when.‘ 
mechanical damage luis occurre<i or vilure 
seams have become poorly adherent. 

§ (10) J^KHMKAHILITY OF BaIXOON FaBRK'.S 

Bv Aik ano by othku Cases : Behaviour of 
Hydrook.v in a Balloon.— Ah may be ex- 
|)ected from the classical exix*riments on the 
jM’rmeabihty of stretched rubbt'r films, rubber- 
jirtHifed balloon fabrics which are permeable by 
hydrogen are also jxTmeable, but in a smaller 
degree, by air. After a balloon or aimhip has 
been inllated, loases (d hyilrogen occur by {>er- 
iiieation through the envclojio and by effusion 
through deb'ctive stvims, etc., even wliilo it 
IS at nsl m it.s shed. If the envelope is in 
good condition the dail\ 1 ob.s from such eauH<-s 
la leas than that oceuirmg during om* flight 
when gas is allowed to esea|H.‘ through the 
valves m the ('ourse of Viinous inaiKPUvres, 
eH|>eeially when landing. The quantity of 
gas has to be rephmished ladtuv the next 
excursion, in order to regain the original lifting 
eapaeity. In order to prevent mtlow of air 
through actual pores the internal pressure of 
the halioun is always maintained in exeess 
of atmospheric, either by the us<' of the 
lialionet, or by tlie intro<luetion <»f fresh 
hydrogen ; oonsequenfly leakage of gas 
through any sinh pore.s will lx* constantly 
oeeiirnng. In itsi-lf, therefori', a high }H‘rme 
ahihty liy hydrogen merely result.s m some 
adilitional exfiense for icfillmg, which is only 
a fraction of tliat neecs.s;inly ineurwl in 
normal flights. Hut high jH'rmeability by 
hydnigon may l>e exjieotcsi to be aeeornp.uiie<l 
by liigh jicrmoability by air. The liy<ln»gen 
lost i-an lx* replenished : the air whu h enters 
will aoeumulatc until eventually the whole 
Content .s of the gas-bag have to lie dis<-hurgi*<i 
owing tx) it having Ixjeome imiKJSsiblc to 
obtain sufficient lift. Balloons are usually so 
designed that this must occur fiefore the 
purity of the gas has been reduced to 80 per 
ci‘nt : the figure was presumably originally ; 
selecttid a.s I»eing wunewhat above that at 
which a mixture of hydn>gen and air b*ecomo8 
explosive. More recent expenments have > 
shown that mixtures somewhat richer than I 
this are capable «*f exploding, and the working ! 
limit shuuhl be made still higher owing to | 
the fact that the air which enters is richer i 
in oxygen than orditHiry air. If the whole . 
'quantity has entered by true “ ptrrraeation ” | 
the gas wull lK*come explosive when its purity ' 
has fallen to 88 jxsr cent or thcrealxmts, j 

Austerweil ^ made a number of analyses of 
* Loe. eU. p. 57 et wy. i 


j gas fix-m airshiiw to show the increase in 
relative pi\»portioii of oxygen in the air which 
i eikteriHl thnnmh the rublier: in one caw, 
I W'here the jmnly had fallen to 78-3 jht cent, 
j the ratio of oxygen to nilntgen was 3f‘c4 to 
j 03*6. Bv analysing Ihe ivsidiie of gas m a 
, Heiiaixl-Surcouf bulniue afU'r a }K*rmeabihty 
test on a cold MiUaniwd fnbne he found (1) 
' that the oxygen av -mgiti f."* 7 per cent of the 
‘ air which had entea*d, and (2) that the volume 
' of hydntgeii whicli cHcapeil was 9 times 
t that of tht‘ “air" which cnteriHl. From 
records of the gas conKuniplion ami rate of 
loss of puiily m two luiHlups (t\(‘r the Name 
pen(Hi he deiluctxl the following permeabilities 
, for the envelopes at an aMTage teinjH'ratnre 
: of 18" a : 

Steam- vulcanised Inline 77 Ills /ni Vday liydrogcn, 

1 1 fits ;ni * da> “ air ” 

Coid-v ulcaiUHi-d faftric (iO 7 IiIm.om *,da\ li wlmgen, 
lit.H ;in ^day “ air. ’ 

Over a iMuiotl when the a\erage tcmjieratnre 
was 4"('. he found the rate of Iokh of lift Ickh 
by H |H‘r eenf b-r the former and by bH piT 
cent for the latter, imlicating a larger tmn- 
perature cocnuient though smaller afisolnte 
v.ilue of ail permeability for tlie cold-mired 
fabrii-. 'J'hose results are menlionoil liere. 
although (x'veial uion' aicurate deU'rininations 
of air pcimeabiiity have sineo lM*en maile, 
Ix‘cau8c lat^'i workers do not apjK'or to have 
useil eold-eund fabniM, and the difference, 
if it can Is* (oidirnuMl, would |ioiiit to a 
UMcful suiM'riority of such fabrics in this 
connection. 

Austerwcil also measured the ja'rmeiibility 
of lialloon fubri<‘ by urseniu retir'd hydrogen : 
calculation from his figures indicates that this 
is about iiiiii’tri'n times the permeability by 
hydrogen. Me points out that other imjiurities 
whii h may occur in hydrogen, such as phog- 
}»horetto<l and sulphureUrsi ‘hydrogen, also 
have very fngh |M*nneal)ilities, so that it is 
iniproliabie that they have any effect in the 
detenoralion of the fabric os w'as at one time 
suppoM'd. 

In tests by a similar methiKl made by 
Kitchie (lor. cU.) on a 200litro balloon, 
]x>nneabilities were found for hydrogen, 
oxygen, and nitrogen of 20 Iits,, 1-9 lits., and 
1'4 lits. per sq. m. jwr day respectively, tho 
oxygen anil nitrogen n^ults having been 
corrected to a partial pressure of UK) per cent. 
Tho low value of the air : hydrogen ratio Is 
attributed to leakage through w'aids. The 
comlnisUon niethiNl useii for iiermcability 
determinations in hU laborati^iry does not lend 
itself very well Ui measurement of the |>erme- 
ability by air, but he quotox resuiU obtained 
for seven different fabrics which indicate 
that the i>ermeahilitie« by oxygen were 0'26 
to 0*32 of that by hydrogen ; one observation 
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of pt^rtnf'af.jlily by IUlr•.^M‘n ^uve for thin 0-14 
of that. I'.V hv'lioycn. 

Moo' rxtruMivd n'iiiltM vv<n«( olitainnl by 
Shakt^njM ar, Davnt rt, an l liainb«)iirii ‘ umui^ 
a nmtat>lo tiindjbcaliofi of th«' uppar.iliw 
«h a< rib«-d in ‘'(H). 'l'h< y nirasnrod not only 

thn |««inn'al'ililt(s to ovv^M‘n. n'troi'Mi, and 
air, but also the t< in|w t:itinn i orUn u ntH 
thr ratlin 1’-^ < '• < '• balh*on 

fabni'M bavmu; a hydioifrn permeability about 
U |iU///i»/day at' Id ('. A number of 

ex|MuimentH were alno made with i arbon 
dioxide. They found llmt 

(i.) The peimeiibility liV ‘ all H. within 
thrt limitn of error ( ' I per lent) of the 
ex pel imenl the same as that lahmlated 
from the si'parulc pei meal)ilitiert b\ nitroueii j 
and o\VK«ui, assumiu)' that the inti’S of 
permeation are pioporlional to the paitial 
pressUH's of those ii;aHes in the air. 

(li.) 'Itie perme.iblllt V by eafboii dioxnie is 
the Hame wittun - |H‘r rent whetlm air or 
hyili'oj^en lie on the “ lereivinn ’’ side of tho 
fabrie. 

(lii.) 'I’he mean values of the permeabiliti 's 
at Id d (' of th(' follioMiu' uases into h\dt<»- 
Hell thiouuli the faluies examined, tlmt of 
hvdroHeii into lur beiiej! taki'ii a.s unity, ami 
the mean tempeiatun' eoi'theumts at l.* .1 ( 
that for hydrok'en jnto a»i Ikiuh dU pm' rent, 

were : 

« 


j Htiindard tern jierat lire adi»pted by the Bureau 
I i>f Standards for Hueh work. The gas inter- 
I feromeU'f was emjdoyeil mail the^CHtimationa, 
except for that of ammonia, for whieh a 
1 elmmh al met In .d wais list'd. 1’he jicrmeabilities 
, olwixed. lelative to that of h>droHen aa 
' unit \ , were : 

j Oxyx.n . 0 

.NifniKea . <> I*'*' ( to 172) 

<'arlsiri i|u»Mde . HX (2 SO to 2 0.>) 

||..Ii,i„i . . . T. (O d7 lo 1) 7:t) 

Ar.imonia . . . SOj(7Wto8(M) 

Kthvl.l.londe . . lt>S(P»oto21H) 

.hlorid.' . IS (IH I to 111 4) 

'I'hi' In-lium jaumeabilitv ayreeH well with a 
detei mm.ite >11 m.ide by the writer’ iminH 
Imiited <pianlitHs of the ^nis 'I’he oxygen, 
nitioym, and < iib(*n dioxide liHUies are lower 
t lian Sliaki'Spear K, as Wiis to b<> expc'eted 
flom the liiahel tem|M‘iature eoetheienta 
<•ompal<'d with h\ilro* 4 en, hiiu<‘ the pii'sent 
tests lefei t<» 2d ( '. instead of to Id d t '. 
j l'’iom then values fm ox>' 4 eu and mtDHeii. 

; and liavleiuh's value for am'-u, Kdwaids and 
l*ii kemiH eah ul.ite that the |s^rmeabihty by 
all is <122 of tbit l)y bvdioocn, ami that tlu; 
eompositioii of the .01 wlm h peimeates tluounh 
lialloon fabiie is nilio^. u d(i S p< r » ent, oxve.m 
12 H per rent, aieou tl'.t pel eeut. As MHiirds 
th(' c'lTeet of temperatuie. they h''*' euivi'H 
for hv»lioH<'U, helium, ami carbon dioxide 


I Itilatlse t'(Mlt\e)t'iit 

I PariMral'ilitv IsTiriit 

Air . , f t> 207 ( 202 to 218) 7 2 | 

NilroH.'ii . i 0 1 1:» ( i:t7 to US) 7 7 ; 

Oxygen ; 0 till b.t | 

t'ailioii dioxide 2 711 (2 70 to 2 A*) I < i 

The niueli hitiher temperature eoeflieient 
for air than for hydi 0^011 |H'rmeat»dity may 
be noted -if the loH'vrithmie lelation sumrested 
in tt (t)) (iv.) held for the former nU... air would 
enter at about thi’ as fast as li.vdn»!rt,n 
eseapeil thnninh rubl>er. Mewar found a 
higher eoelHeieiit for air than for hydrogen 
in his work with riiliU'r hlms (!) {:!)). The 
lower temperature' roeltieient vdisc'rved for 
oxynen than for nitrogen is in aeoonlance 
with (Iraham’s msult in 5i (2) that “ dialysed ” 
air is rieher in oxyueii at 4 ' ('. than at 20^ <\ : 
for “ air ” ho found a ooeftieient of d O j»er 
cent at l.V’ d (\ 

Another .s«'nes of exrx'riments on the 
|>enm*al>ility of rubl>ere<i balloon fabrics by 
Hivsoa otljer than hydroHt'U is reportml by 
Etlwardaivnd riokenng.* Their ineasun'menta 
were made with fabiies shtnvini? ]>crmeiibilitiea 
by hydrogen of tjie onler «»f It) Uta. |>er sc], ni. 
|>er clay, presumably at 2.T^ this In'ing the 

‘ A ('..t /vV/» »tui Xtem . ItllS. fi22. 

* HHrta4 of Vfaiwtirfbi i>c». Vaptr. 1920, Na. 387. 


winch show that the' tcmpcuMturi' cocdlwicnts 
of pm mc'ibilit \ at Id aic d t) pc'i tent, 

4 4 pm cc'iit and 4 t* per tent rc'tpcttiv cly. 
anti that thtsi pti nu'.ibihlns at llH>' ('. 
ait* rcspt'ctiv cly 22, 17, ami 17 times tlit>se 
at <1 f. 

!j(ll) I’KKMHVHnrrv in ^V\T^.K Vai'oih. 

In atlddit.ii to tbi' gasivs ami vaptmrs 
iiic'iitioncsl abuvt'. water vapour h.is also been 
examinetl in ic'-peet of its ]h'i meat ion thnaigh 
balltttm fain If, Knbbc'r is eommoidy it-nardcsl 
as a waterpitiof matt'iial, but from the 
gc'iu'iahsation merit it met I in !) (d) it wt)ahl 
I appejir iea.sonable, .smee water has a high 
1 eritieal point, to expect a ctmsitlerablo stdu- 
bihtv t.f water vtipour, and heme a high por- 
mc'abihty. That this wa.s not I'atly otisc'rved 
may Ih' attributed to the faet that at i»nlinary 
lenifHwat tires the possible ]>aitial presaure of 
water Vtt]H>ur in any space is small, bc'ing 
1 G ]H'r c’ont in air saturatc'd at Id® (’. In 
the above - cited ])a|)or t»f Kilwards and 
riokoring the rcsulta of a few e\}>eriment8 
are given, in which a shrx't of nihlior was 
reiiienttHl over the top of a shallow dish of 
8 c'm. diameter containing pho.sphonia ]Hnt- 
oxide: the closed clftch was placed in an 
atmosphere saturatml with water x'a]Hnir at 
r., and the rate of increase in weight 
deterinineti. Using sheets of “ dental tlant ” 
* A.C.A. TerAn. Rep,, 1915 



DIFFUSION THROUGH AfEMBRANF^ ^ 165 


uf 0 18 and 0-25 min. thicknoKs, the purine- 
abilities iibserved (i-alenlattHl fur a dilftM-enee 
in partial p’^'aMin* <ii water vaptair at 0 t*. 
uf TIRI mm. uf mercury, fiom the lijiure 
actually obtained for about 2b mm. paitial 
[ires.sure) weie 47 limes and 02 times tlie 
jK'rmt'ubilitie.s by hydrogen. In other expcn 
ments the upjM*i suifaci* of the iuhlK.*i wa*' m 
contact with Injmd water, and the cab ulated 
|M*rmeabilitics wcm* l>r> times and 1 1.") times 
that l)y hydrojum for sheets t)21 mm. and 
0 2.") mm tlmk. It may lx- notisl that m 
both ST'in s the thicker and less |ierme<ibl(* 
material uuve tin* hiuher latio, Init tlie 
authors «lo not claim minh anui.ns foi 
the re.siiUs, siiKc smccssivi' tests ditbaed in 
some eases by as much ns 20 per rent from 
the means 

.Measiiiements of lh(‘ peimeability by water 
\ii])oui WtMc also m.'ide (1010) l»v the Am 
M inisti s 'bhe.se weie m.olc on pioofed fabri< , 
.iml includcil tt'sts jit wvci.d ditlcient teni 
]H-i.i(ures. In addition to a static methoil 
siinilni toth.it use <1 by Kdwiud*> and I'lckerinu, 
a niodihcution of the usual "lonstant How 
nw'thod was abo i'm)»lo\ed in wlmh an 
.s.itiuMteil with watei vapoui. or, at lOO’C, 
ste.un itself, passed over one suif.ue of tlv 
fahji'- >ind «l?y an o\ei tin' othci. both 
nu'thods ludiiatcd th.it the )K‘nueabiht\ 
calculated a.s abovi' was of the oolei of '20U 
timesth.il b\ hvdro<£en, and that thetempei.i- 
ture (ocitnnnt was small and piob.iblv 
neeatiic Aiiu.ilU, of loutsi-. the weiuht of 
W'aU'i ( olleeted p<'r houi was liicater at the 
hijihei tempciatures. but the f,n (or bv whiih 
it was multiplied to (oiTcct to a ])aiti.il 
pre.ssure of TiiO mm. of menury Is'came 
smaller. 'I’lic lesults are about four times hs 
liiuh .is those of Kdw.iids ami I’K'kcrnij' 
ab<ive-ni(>ntioned. If the dilfi'ii'me is due. to 
the ditbeiilty, on which both artn les comment, 
of ensurint; inst.iiitaneous removal of the 
ix>nneatin;r vaj*our fiom th.- <ir\ " side of 
the rufilK'r, winch tends tt jave low results, 
it may possibly Im> ast nbed to the preseme 
of the hyuroseopie textile m the tests last 
deMenl>od, which would proliably assist in 
thi« removal. But a (piditative obt«*r\ation 
by Dewar ‘ on a nihlHU him trivcfl a p' rme- 
ability only about 2.") times that by hydrogen 
for jxTmeation into a vaennm. ifenee the 
ilifferenees are ])robibIy in the lilins used 
Reference may lx? maile in this eonneetion to a 
determination marie by Tancl ’ of the diffusion 
constant of watt'r in rublier, wbieb is triven 
as 98 x lo ' (m.’ day : on the usual theory of 
|X?rmeability tins wouh^^equire a very much 
greater solubility of water in mblier than 
actually oeeurs, hut Tangl’s methorl was not ^ 
capable of mueh aoeuraey, nor w'cre the 

‘ Htti/ Inst. I*rf>r., 101.%, x\l *>.')$>. ' 

• Ann. (i. Phtfiil, I to 1, xxxiv. 311. ‘ 


assumptions on whieli iiis eon.stant was ealeii- 
latx'd fix*e from objei tioii. 

It may be of inteiesl to illusliatc the 
approMMuite eiror due to w;\t«‘r vapour whu h 
the use of niblx'r tubing is likely lo oauae 
in ehemuul and phvsic.d e\(H'nmeul.s. We 
shall a>unue the hpeeilie jx'rineability by 
h\dro<;er. b* Ui 4 .■ lO ^ tin -see units (set* 
V} (■{)) and t 'ke tl e liighc’ of the iiliuve water 
vapour- h\dr<.gen latio* .s more jindiable. 
If the tim kne.ss of the wall of the niblM'r 
t'lbmg Is 1 mill, and it is in eonlaet with 
swbst.niti.ilK tlrv air on one side and on the 
other with air 7.‘> pel tent saturabsl at 2.‘»' 
theie will pass llntmeli every sq e*n. of the 
ruhbc) ateaOlHirf of w ater v a[)oui (ineasiiied 
at X'I'.l'.) |HT hour: this vM'iilis lid.') mgm. 
.ind Is snfhciciit to lai.sc to the ah-oi' degiee 
of satiir.ition about .’{ t e. of air ja r Inuir. In 
vaeiiiini vtoik tins le.ikaue of water vapour 
woiilil eonespond with an intlux of t.'> e c. per 
houi. meusuied <\t a |»ressure I'ven so Ingh as 

1 mm. of meieiny : the air h akage tlnmigh 
the same luhlxr wonhl aeeouiit for only some 

2 e c, jKT hour undi r these conditions. 

^(12; I'l uMi-Miin I V iiv \ Aiiioi's ( Jam s. - 

'I'hc t.ihic on the following page snmiiiaiises 
the icsulis oht. lined hv various woikeis for the 
pi'iiiieahilitv o| luhbcr hlms and of rubhered 
balloon f.ibin- bv ditfcicnt ^Mses 'I'hc early 
ie-n!ts othir than llio.se of Diaham have not 
l*een iiu hided, i \< ( pt sm h as relate to gascS 
not smc< studied moie aecnratrly. 'I'hc tigures 
ate all rel.ilivc t.. the permeabililv hy hydro- 
g''n. For anproMinatc i oinput.dions a specilie 
peimeability bv livdiogcn mav be iiKSiimed 
e<|u.il to about 1 ■ 1<> ’ c.e. fier sip ejn. |K*r see. 
|s r I'ln. tlnikiiess at 2.") t'., but it must Im* 
remem Ix'ii'd that diHeient samples of ruhher 
ni.iv show M'ty ditb rcnt apparent s|k*( die 
pel mcabihties, cspi'eially if m very thin 
sheets 

fl ( Id) Til) oliv OK f’KRMKAJni.lTV oK I’UOOKKf) 
Fajii;i< h. - 'I he phenomena exluhiti'd hy rnhlicr 
films and liv r u hi ler- proofed fabric have Ix'en 
separately treubd, jmrtly IweaUHe this wax 
convenient in vii-w of the different methiHlH 
used for the ineasurements, and jiarlly Ix-eause 
there apjx’ar to Iw certain differemxnr Ix'tween 
the properties of the rubber in the twc) 
conditions. Thus : 

(i.) All bough the cxpcriincntH of Daynes 
and of bMwanls ami Pickering appear to show 
fairly definitely that the jicrmeability of a 
sheet of riiblxT is inveisely piojMirtioinil to its 
thiekiiess, in oi'conlaneo with WrohDwHki’s 
theory* of the priKcas involvtsl, there arc 
several olwKTvntions which piint to this 
gencr.xUsation l>eing inapplicable to rublxTcd 
fabrics. If W'veral pieces balloon fabric 
arc supeqxiHed, the nstultiiig iicrineability P 
is found to be g:iven by 1 /!’ - 1/pi + 1 /f/* + . . ., 
where etc., are the pijrmeaWlities of 
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tlio w'lmrato layoi'H.* If, however, Imllooii 
falirii'H have two or more layei-H of ruhlKM- io 
llieir eonKtruetioit, ivh liaH Irh'U usual m two ply 
*anil three-ply airahip fahnes, tlie penueahility 
of the produet in oot mueh loner than that of 
a fahrie having only one layer, even (hough 
the layeis aro of tlve siaine weight in the two 
eawM : tlurs Hitehio citeH statiaticH of toMts 
on two-ply and three-ply fahrien inndo hy 
one tlrin at one jM'riod whowing that the 
average iKMiiieahility of the two-ply material 
having one main layer of ruhher of 75 gni. I 
jM'r aq. in. was H-h hta, jUT aq. rn. fa r day, 
W'hile that of a threi'-ply fahiio having two 
layem of 8ij gin. eneh (kw mp m, wan T uri Hts. 
The faeinga of 20 gin. ihw mp in. on the 
two-ply and of 15 gin. and U) gni., the latter 
ineluding pigmenla, on the three-ply fahrie 
may W ni'glceted in the coniyiarisoii a« they 
oontrlbute very little to the gaR-tightne*m. 
Uitelde attemptH to ex]»lain this hy the obeerva- j 
tlon that the two layers of ruhla^r in the three-ply 
fahrie are not (luite separate, hut are conneeted j 
by filaments of the same material whieh bridge 
over the interstiees iH^twwn the yams. The 
action of the textile obstacle is pr««umably 
eonsidered as analogous to that of the fier- 
foratfd film of celluloid in the ex|X‘riineiit.s 
on gaseous and liquid diffusion mentinneil 
hy Bniwn,* who sIiowihI that owing to the i 
increase in concentration gradient in the 
neighbourhood^ of the ajiertures no sensible 

• 

* ShnVrspear, .4.(\d. ftrp. nitii Mrm., U)18, No. 447. 
anil Hltdile, »*., tUlU. No. 5H4. 

* CAdli. ^oc. ^SF., i«18, exUi. 588. 


deeiea.Me in total flux was piodiiced by the 
iiiti rposition of the si'ptuin into a (ohimn 
of air or jelly. But tlii.H would not explain 
the prcM'ut ddheultv, for the i oiiei'nt ration 
gradient of gas in nihher mu, "it 1 m' h lived if 
the ruhlMT layer is twiie as tlmk ; it would 
only aeeoui't for (he How through a sluN't 
of given tliiekness Uing imlcpemlent of the 
blocking of part of its aiea I'V an iin|K'rviouq 
screen. 

(n ) The average penncfibilily hy hydrogen 
of mmlern .iirship fabrics is rather less than 
Id Ids. |M'r sip m. js^r day. iius degree of 
gas tightm‘M.s I an sometime.s Ix' ohtaiiK'd with 
proofings of ruhlior weighing HO gm. jH'r wp 
m , hut if the weight allowed Kwhes 200 
gm. ]K'r .mp m no pnrtieular improvement Is 
obtained above that n'sulting from the more 
usual 1(H)-I1() gm. }>er .s<p ni. except that 
very jfsior samples are of less frt'quent 
♦H'currefice. Penneabihlies lower than about 
4 litH. |K*r sq. m jxt day have seiireely ever 
lavn olwvrvetl unleas the rublx'r has iK'gun to 
o.xidise, when the resinous pnaluct may re- 
duce the leakage to an innppmiable quantity, 
(’onsequently it has been statetl that the 
IH'rmeabihty is not inversely pioja»rtional to 
the thickness and Vick's law of diffusion can- 
not therefore apply. 

fiii.) The “ speeil^ jKjrmeahiUty " of nihlver 
in the form of an unflhpporttHl film is consider- 
ably higher than that of ruhlior spread on a 
fahrie. Shakesjiear * found from measure- 
ments on films and on proofings made' by the 

* A.Cui. Rep. and iltm., 1918, No. 447 . 
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eva^>nition of a rubber solution on a textile, 
that the rul^ber was twice as efficient in the 
Utter comlitittn, arul <‘<mclu<l«l that the textile 
itaolf was Ihe nomt i!H|M)rtant factor in 
(»heilnietinj;» leakuf'e in a balloon fabric, the 
rubla*r serving merely to caulk the interstices 
bctuwn the threatls. Ritchie (hx*. nt.) 

luentionM that the best film he Avaa able to make 
of eight 1(K) gm. per sq. m. hael a |M'rme- 

ahility of ir> hts. [kt sxi. ra. pcT day, and 

suggests that the ruhl>er deposited from 

Holuti«)ns U'mla to agglomerate into drops 
leaving capillary ajiertures between them. 
Kdwards and I’iekermg ^ also point out that 
the iK^rmenbility calculated for a weight of 
120 gin. j)cr wp m, fr<mi their nieasurcnunls 
on dilTcrent films from 0-2 mm. to 2 mm. thick 
is about twice that observetl for commercial 
balloon fabrics having the same weight of 
rublKT, 

(i\.) Some of thcsi' diffiMisicca may r(*adily 
he txplamed witlxmt resort to any unusual 
hv|ti»(ii<’s<‘s. 'I’lu' lack of proportionality j 
between “ ohst ructivincss " (Shakes|Kui.r'8 
term f<»r the tc» ipnx'ul of piTmeahility) and 1 
thickness of jnooHng (rr number of layers I 
«if nibU'i' IS prohal'Iy »luo m part to the 
natural t<>ndency of a works to e\crt gnsiter 
eai(' III tin* ]>reparation of a light iiroolinc 
tlian of a heavy one. It has Ikh'ii found that 
the U'st results are ohtauicvl with a given 
weiglil of proohng when the apjilieation is 
made m a large niimU'r of coals, the fahne 
IwiTig reversed beforv eiuh piussage under 
the knife <tf the spnvider, fly this moans the 
probability of unifoimity in the layer is mueh 
inenvisisl, latles or thin jilaces left at one 
jiassagc U-ing covered at the next. The 
numlior of coats applusl may be twenty or 
more : obviously the greater the nunilnT of 
coats the less the prodin-tion the iiuiehine, 
and the greater the waste of solvent, so that 
if an ojH'iativc can se<‘ure satisfaetorv' gas* 
tightness with twenty coats, giving a total 
weight of loo gm. jmt sq. m., he is not likely 
to apply forty coats for a total of 2(K) gm. 
per sq. m 

Further, the removal of solvent from a 
heavy proofing is more difficult than from a 
light one, and the evolution dunng vulcanisa- 
tion of the traces remaining after drying would i 
tend to give the thicker rublier a more jxirous 
structure than the thinner. These two 
suggestions may possibly explain, to some i 
extent at kmst, the points raised under (i) ^ 
and (ii.) alxive. 

The difference in obstructiveness between 
rubber in the conditioiyi of on unsupfa^rted 
filra and of a pnxffing Tnay also bo explained 
by the more homogeneous structure of the 
latter, so far as the results of Edwards and ' 
Pickering are concerned. The exact details 

* fittrvam of Standards Sei. Pa^, 1920, No. 387. 


j of the meth<«ds of making llio films usixi hy 
Ritchie and by Shakes|a>ar are not statcnl, 
but two ]>i>HsibiU(K*s of difTeri'iH'c botw**cn (he 
films and proofings iiia> la' noftsl. Rifeluc 
comperes his best film witti eoniinenial 
priHilingH, f hough it is stapxl that the niefhod 
of prode -tioii of tlu 1dm was diffen-nt fn»m 
i that uses! in m inufai * lire. r.ij. llie films weiv 
built iiji «m a rimd imis rimnbh' siqipul. 
j Pit'suiuiihly ilu tonsiatcii V of tlu« solution 
; was not .simiiai to that of the "dough" 
u sxl m spreadmu, .oid the degns' of bit-akiiig- 
; down of the rublKu complex wtiuld Ih' dilTcrx^nt. 

1 To the influence of " depulymeris;ition " we 
[ shall refer later. SliakesiK^ar eifes in supjxirt 
I of his e<*nten(ion lhat the t«'Xtil<* is of more 
i imix>rtanee than the rubU'r flu- fact that he 
was able to prodmie a jiroohsl fabrii- nearly 
four times as efbeieiit a.s Ihe best mninifaetiired 
balloon fabric by acting on tins iiypothesis: 
by tins may Iw iiifeirt'd that he used thin 
solutions (*f ruhlM-r so as to obtain belter 
|M‘iie(ration. Since Ritchie states that ex- 
amination of textile wlinh has been soakdl 
111 solution shows that the Hiiiition does not 
jieiietiate (he yiriis, it may h<> eoneluded that 
the imjiroM'inent obtained by Shakcsjiear 
was largely the n'siilt of the use of thin 
solutions and greater unifoimity in the 
stmetun* of Ili<‘ iuhlM*r liyer. 

'riiese remarks are not iiiflfiidisl to negative 
the possibility of the textile contributing 
I towanls the im|>ermeahilily of a pnaifed 
, fabric, 'riie difTusion • f hydrogen n/ow|/ the 
; yarns is not extretm’ly rapid (§ (9) (i,)), and 
! that w'roMn tfie yams may be eonsidembly 
, slower, since many lilnes are twistisl elosidy 
’ Rigelher in the y.mi. SliakeH|X‘ar*s theory 
re<|uireh lhat it should he negligibly Alow in 
eomiiansori with the rate of jK'rmeation 
through nihlsT, iinh'ss the improvement in 
olwtriletivcness wliuli he obtains is aeeom- 
[laniixl hv an uUeiatiun in the ratio of 
|KTincahihlii s by «li(Teix-nt gases m the 
ilireetion nnpnred by (imham's law’. It 
, is desirable that comparisons Is- made Is'twwn 
tilma and pnHjlings produced from ihe same 
! niblier " solution " under preeist-ly similar 
I conditions. 

I I (14) Composition of thk Rubbkk. — 
The effect of variations in the conijmsition 
and treatment of the mblier mixture ujMin 
the permeability ba.s not n-eeivcsi aiierjuato 
attention. The extent c>f the working to 
whieh the rubber has been subjt*cte<l in the 
proceaecfl of washing, mixing with sylphur, 
and kneading with solvent affects the ‘‘ nerve ” 
of the rubber, and for most purposes is reduced 
to a minimum in order to obtain maximum 
strength and elongation in the prriduct : it 
has been found that for^ obtaining im- 
penneahility the more the rubber is worked 
the better the result, though other q>nsidera* 
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tionN Kiuh a« tluit of [HTfiiamwi* w-t lirnitH 
to tfir rtfiiount 'Fho torni 

“ (li'polyitii rimition ” hii« iM-cri ;i|>|»ln {l to j 
(lio jirorcrt.'^ invfilvcfl, tlioiij/h Uio ' 

tH tiot Kiilfx It 111 to <loU(li‘ the I'tliH't 

in pliVHii'ul oi ( ;il : at any ra(«' a Iiikt 
MtnK tiur may Im' ,i**'siim(Hl to hf th«- n*sult. 

If tfm Mif)lM‘i Ih‘ < ohmii1< i«m 1 as a tlu^ro will 


pf'rrnam‘ii<<» of th'' pro<lu(t, nime the elastic 
pro jH-i-t 11*8 air very poor and th(' prejiaration 
of a ti’st [niHf would m any i aw<* \h! extreinelj' 
ddht nit. 

'Ilic imim-diat«'‘ et^< 1 1 of vul< .iniMjition <*n 
the |»<*inieahility n not I'M at, tlion;.'h in kik h 
i-aaeM a.s h.i\c heeii '•N.iinimd then- has UHUidly 
Ins n u .small de< u- me I'Mwaids ami I’n ker- 


Im' less (ontinmty in llie hsM iij'id pham', and 
r(jm«’HU«-ntly lower late of ddlusion of ilm- 
Holved jziiM. 

Closely (onueeted with the (jinstion of the 
extent of woikmi.' to whnh the luhiMT has 
las-n Hiihjeeted on the inixiii)' lolleis is th.il of 
vnleaniHation 'I'his is not the phiee for a 
dim'iiHHioii of the dinieidt proMi ms ari.smL; 
fr()in the attempt to ohtain a • 1« ir and full 
underntamlmt' of tin' pi'o< eas, hut hnelly it 
may h<' stated that tin* u«iial vn w of hot 
viileaniHalion i.s that wlnn I he mixtuie of 
nihlxr •ind Mulphiir Ls heated, pait of the 
Hiilphiit eomhinea with the nihhet, foimint' a 
more or lesa detimte ( In inn d etnnpoiind 
whieh is, in soft iiihherM, adaoilnd l»y the 
uiiehani'ed rnatiti.d I’he pliysteal i li.ir.ie- 
leriatieM of the |>iodiiet are deteimimsl not 
only hy tin' extent of eomhiiiation, nhieli 
di'penda iuhr aim on the linn' and ti'iiiperatme 
of vuleaniKalifiii, hnt also h\ (he physical 
eonditioii OI Ntiue^nie of the oiiyimd mixtnie, j 
Ce. hv the nature and extent of the Kurf.u'eM 
which ad.sorption oeeni-s. 'Fhe eiiteria of 
good Mileuiiisalion are, for most r'ddx'r i^oodn, j 
the tensile slix'iigth and ( Xtensihility ainl the | 
permani'm'e of the prodm't : roughly, umli'r- 
viileaniHation le.sultM in low tensile strength, 
over-v iileaiuHatioii in Himill exti'iisdalitv. and 
imder-vuh’anised pnahnts are nnne prone to 
oxidatn»n and an* iiioie w'li.sitive to heat and 
eold, while oNer-vuleaniaation ti*nds toward.s 
event Mftl brittlent'sa. d'o a sniall extent, 
vuleaniaation may eontimie after the atticle 
luiH eiioled to loom temperatnre.s, .sinee there 
remaiiiH an exeess of snlphui, dis.solved v)r 
otherwise distiilmti'd thnaiglniut the mass, 
capable of eomhimng VMth more ruhher. 
Tina ‘’free” sulphur is tlistinguished from 
the " eomhmed ” sulphur l>v the fact that it 
may Ih* evtiwt^'vl hv manv solvents ; for a 
given mixtuix' the extent of vulcanisation i.s 
ineusurtHi hy tlu' quantity of “ combmeil ” 
Hulphnr. The estimation of this con.stituent is, 
however, no aecurate index of the vuleanisa- 
tiou, for niblH'r whieh has iM'en ” kilUnJ ” by 
long working on the rollers rtx^uirt's much more 
anlphuP to l>e oomhiiuai with it to produce 
optimum* vulcHni‘ati«m than d<K’s less wt>rkeil 
rubber. From the colloidal {Mvint of view, 
this is liev'ause the former has more surface 
for adsorjition. ,'rhe degns* of vulcanisation 
of proofings such as are n«ed in IwUoon fabrics 
can only Ih' judged by siudi qualitative tests 
as the Iwhavdour with iH'uxeno and by the 


! ing (/m-. tit) nientmii twii seiie-' of test.s in 
1 winch the turn- of \ nh anisatiun vaiicd from 
[ nil (o 1 r» hoiiis at 1 lo ( ’ , t aiisiitg the ijiiaiitity 
of coiiihined milphui to imn.i"'' from Oil to 
2-0 |S'r < eiit. w ilhoiit .my appie( i.\ Me vai lation 
in peimcalnliiy. In a Hi-nes m wlmli all tho 
snmph-s weH‘ o\er-iiired, m< M'-imc in the 
combine«l Mulphiir fiom I 0 !<• Home o-O per 
Mill MmIuumI the peimexlnllt V florii 20 lits. 
oi mole to II or 1 lits pei m. per day 
I In the lattii seiien the must liigldv o\ei eiiii'd 
pieces he< .line hntlle oti stoi.eie tor a year, 
and III tliH <onditi>ai t'ave le<d\.i!;es ni only 
I .*» to 10 Ills when le tested wifhiait enimp- 
ling It IS indeed III ii'nae(ii)ii vith the 
agmig of balloon fdaies th.it the inllmncts 
of viihanisatioii .md ot the tii'aimuit jnior 
t«i vuleanHatioii ate of most .senoiis im|ioit' 
am (' The “ depolv meiis.ition ” of l he ruld'cr, 
which IS di'Hir.ihle for the aMainmeiit of 
initial impenm .ihilit y. h ads not onlv to a 
gieatei leqiiiieim III of siilphiir for \ idcanisa- 
tum hnt also (o gu'.Oer geneial reaetivitv. 
With the iiierejise in seimilivi'iicHs towards 
oxidation, we arc not hcic eonecined : tlic 
Nim,'\d'»r v.uMtions m |K'imcahilitv wimh 
occui on ('xp.'sure of h.illoon f.ilans ti> light 
[ aie ilcalt with in the aitnlc on •* .\ir- 
1 shiji I'.ilau's ” ((/.c) 'Die " ilcpolv merrHisI ” 

; nihh««r si'i'ins to M- cap.ihle ,dso of jniitial 
, repo|ymi'riH,i(ion on stor.igi*. with the result 
I that icrtaiii samplc.s have ln'cn fo\jnd to show 
iiK-onstant }h'i niealnlitv even when ston'd 
under ide.’d conditions. In addition to the 
e.'ises of lapid variation mentioned ni the 
section ” ilumtion of test.” theie may U' 
t'lted three balloon f.ihries studied hv Kil'varda 
and Moore,* of which one gavi* a permeahilily 
of lad Ills, during the first few months after 
manufaetiin'. and of IJt 2 hts after twelve 
' months' storage, while two others inereas<*tl 
1 from !H to 24 fits, and from 17 to ID fits, in 
eleven months 

The friM' sulphur in hot eurt'd nthber exists 
at first m .in unstable fo.m (colloidal sulphur, 
sulphur ^), w hicli lias a higher vapour pressure 
than crystalline .sulphur and dif^us(»s towanls 
any small crystal whiih umy 4>e fonne<l, 
giving ria<‘ in certain eases to the phenomenon 
of ” bloom ” or ” snl 4 ^uring up,” i.f. of the 
formation of numerous orystals at the surface. 
Kdwanla and Pickering (/o.'. ciL) give a inicro- 
*photograph of u »ei'tu>n through a piece of 

‘ National .Vvivisory CmuiaitU'e for .Acruoautlcs, 
Wtishington, Rt'fwrt No. 3U, 1919. 
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l>alloon fabric which showtjd orystAh in the 
rubber, but state that tcvsls intule on a portion 
of the aame fabric vvliere crystalliaivlion was 
extensive showed no siirnitieanl uurensc of 
fiermeability above jKvrtions when' ervHtalhsa- 
tion liad not oc’( urre«l. Austeiweil inentums, 
however (Ux". cit p 74), that siunjjh*'> of fabiio 
taken from a diiinible wfiich find been eon- 
Htructed a year pioviously sfiowe«l jiernie- 
al>ilitK*8 of 8, Hi, 24, and t)7 hts., the jiereent- 
iiyes of eombineil sulphur Inunu t) SKi, (» 8«), 
0-77, and O oH m the respet tive test^ juet es. 
He asenijes the hi'ilier perme.ibiliti«‘s to tho 
evaporation of some of tlie fr«-o Mdjihur (th«5 
total sulphur u.is 4 p(U cent) fiom the less 
vule.inisod pieces. The slow inei eases in 
peimeabihty on storatK' mentioned in the last 
}>ara)^raph mas actually Im* due to this e.iUM* , 
r.ithci than to ' repolymensatiou ” of the j 
niblar. I 

'riu' above disi us-'ioii of the elbsts of 
V ulc.inis<ition on jiernu'aliilitN' has been 
com erned .soU'l\ with balloon fabrics \nb ■ 
e.ini.sed by flu* ‘hot eiiie ‘ (steam oi air ' 
heatiny') Anotht'i method lias las-ii used 
to some extent, but has not tound f.i\oui in 
thi.s (.ountry, tlioimh it was used with some 
smeess in Kranee as eaily as I'.top, In this 
method no sulphiii is m< bided in the nibbet 
nuxturi', \ iilcanisation Is inc etTe< ted by 
tiK'ans of t li(> \ ap<mr or of a solution (.f sulphur 
( liloride ; siiu'e little hi'atlim txspiired, this 
is known as the “(ohl cure,” llubliei iuie<l 
b> thi'so processes is usually h ss permanent 
than the liest hot-cured rubber, ami then* is 
alw'.iys a ji^issibilit y. as fai a-^ proofed (ottoii 
is eoiicemed. tbit tiaees of sulfiliui ehloii<l<> 
may be left iii the rubber uiiless the utmo.^-l 
care is exeteisid lu tht' preseuee of rnoi.sturr- 
this f.rives rise to ai uiity, with ilisiistroiis efb^ts 
on the textile. Tin- dantier of a» idit\ <an be and 
ha.s Ihvii obviated : as re'^anls pcrniancnoe, 
expo.sures to the weather bav» not always 
indicated hiiiK-riority <'f the bot-eiire, ami 
it IS jK)S.sible that tlie aMeyed dilTerenoe may 
apply only t<» rublK-r whieh has not ls'«*n | 
Huhjeebsl to tin' prolony’e<l “ workinji ” I 
noeessary for obtaimn>t 1"" iH'rmeability j 
It ap|M*ars to be easier to senrre coisl pvs- 
ti^hlness with the cold cure : leakajjes as low' 
as 5 liU. |K'r sup metn' ikt day were found for 
some French samples cxamiiusl by the writer 
in 191 [. In this eonnectnm refenmee may 

be made to the fii^ureH cited above from 
Austerwerl's lawik whieh indK’ate a lower rale 
of air permeation thr^jugh cold-oiired fabric, 
though tins result ha« not been tested by any 
later experiments. ^ 

The fact that the rat^* of interdiffuirion of 
hydrogen and air when not sefmrateil by any 
membrane is not too rapid to prevent the j 
recognition of local variation-s in the profiortion 1 
of air in the hydrogen of a balhsjn, has been ; 


f 

known for some time from the iH'haviour of 
spheiie.il balloons, ('aro and Sehuok ‘ deter- 
miiK'd the |HT«'enlage of air in the gas id a (irxt 
culno nietfe sphrTieal i>.illonii at \ai'ious l<*\els 
after it Had n -usl f.tr tweiily-four da^s m its 
hlied and showed that tlm jH'i'eentage of 
J nitrogen gradnalh d('< teastsl from isti at 2 
j metn-s from the Imttom to lit al the top, 

' !<► metres alM)v<- , dining tins lime IH.'i eubie 
i metnxs of hvd'om'ii iiad Is u lost and 7 4 eubie 
iiu'lrvs of air li-ui r ti'reb. and m-cording to 
iluur unalyws this ,ii. d.d not diller much in 
coinpoMite III from oidiiuirv air. But IJitchic* 
notes tliat air, wlmh fioin its amount and 
<oiupoMiin,n must hrt\e entcnsl by jM'rmealnm 
tlirougli the wbo|»> eiivi'lopc of an .iirslup, 
lends to lua'iimiil ili« at the bottom of tlie 
en\i|o|)e. Tims samnles t ik« ii from the 
bottom of ,a oeitain ship six d.i\ s after mllat ion 
showed on anaivsis !>t> 'i2 |wr ceiil livdiogcii. 
091 per <'cnt oxxgi'ii, 2 27 per ci-nt nitiogcn, 
whib* samplrs talon fioiii tbe side' jd 12 fci t 
abo\e tbe bottom g'i\e 98 KH |M*r i cut li\diogen, 

0 21 per cent o.wgeii, O (>o |K t cent mtiogen. 
Hiti liic do<luces from ibcsc and otbci similai 
obsci \ .itioris til it tbe cutcimg an tends to 
ddfusi* along (be suifai'c of I be niblicr facing 
of the proofeil f.ibiii mor<' rapidls than at 
right angles thereto, < c. than into the body 

01 the gas. It I-, pcihiips nuue ]»robablo 
that the reason ma\ !«• fo'und iii a higher 
lale of ddTusioti .dong the textile IsIwei'iO 
the f.n mg and the mam tubber layer than 
through the f.ieing ’ m tlu' shell of cotton the 
gitsi's from (he air would t(*r)d to accumulate 
at (he bottom m \iitne of tbeir great^'r 
density, 

I «} (lo) Mi.MI’IUNFS OTlM'll TUAN RtTlUKK. — 

' In the prei eiling jiage.s no mention has Ikh'ii 
ma<lc, except imidentally, of the passage of 
! giMH'S through niembtanes other than rubher. 

! The exli'iiHive uw of the latti'r substance m the 
manufaeture of balloons and airships and the 
volume of w irk which has Is'cn done on the 
phenomena attending its usi' me suflu u-nt 
justitieatioii for the di'volion of so large a 
pro|>ortion of this atinle thereto. A few 
olisiTvations on other niciidimnes have U-en 
made at various tiine^ and these may Im‘ here 

siiminariserl, 

(i.) Stxip Filmx. -These are of theoretical 
inten-Ht. Fxiier * uwil tilnis made in a glass 
tul>e of 7 mm. bore from a I per cent 
solution of Maiwilles soap in water, through 
which air pawn'd at a rate of t) (i4 c.c. jier s*|, 
cm. per minute. He found that the rates 
of permeation by twelve different ga,s<» and 
vajmurs agreed within some 3 {>er cent with 
those requircfl by the law, that the fiermo* 

/ » Ch^ikfr Zeitunif. 1911, xlv. 400. 

» A.r A. Itep. at*d >lem , lUlU, No .Wt 

* Pt>gg .4w« , ls76, (Of, civ. (v.), 321,pml 
197H, II. 199. 
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fthility viirirfi jw A/ %'/>. where A ia ahnorption 
cocIIk ii;nt and p Hit* density ol the gae ; 
hut oxygiri p.utaftl tlimugh the tilm 20 i)er 
Cent ti>o fast anti ether vapMur much ttwj 
alowly. 'riitMt* re.Hiiltd were cntdirtned hy 
I’i'anglu',* for air, (tad g.iH, hydiogen, and 
oxygen, Meliennaii amJ Shavt'r have recently * 
exaniiiu tl Hoap lilm.s [ut [laied according to 
liovfi’ formula; the rutt'H <d tsscaim of 
hydrogen and ht'linni at 20 t‘. through tilniH 
at the lecl-greeti Htage were tcHpectively 4 0 
and 2H <• e. jrer ein.’* per houi 

(u ) LniHecd Oil. - liainellae of unhoiletl <»il 
wen* examined hy Pianuhe (/oe. nt.) to aec if 
Kxner’H law applied to tlu'se. The [leimeahility 
relative to air was fournl to he eoal-gaa (density 
0 -4K) 2 K, earhon ilioxitle lt» K, hy<hog<‘n 2 
nitioiiK oxide Ids. 'I'he last -nu'ntioirt'd gaa 
divergt'tl coiiHideiahly from Ihi* law. Var- 
iiiaheM nnele from hoiled linser'd oil with 
vaiiouM additions havti fretpiently been iisetl 
in proofing halloon fahrn s. 'I'lut {h-nneahility 
tdrtained may Im as low a.s Od lit. pr*r stp 
un*lre per day. Aeeoi<ling to Austerweil (fot. 
cd, p. Ill) such proofing has ilu* great 
advantagt' over luhher a. id tdher aulxstanet'H, 
that the permeahdity hy air is ru'gligihly 
.sm dl, evt'ii when the hydrogen figure is 2 d lit.s. 
'I hr* eaiiscM wliieh have let! oil proi>tingg Or 
be now little uhciI are (i.) liahjlity to deKtruc- 
tion of cotton in•^’ontaet with them owing to 
ci’idity of the oil , (ii.l luihility to spontaneoua 
heating and poMaihle intlaiiimation, whiii 
packed ; (in.) ineonvenience of the tacky 

nature of the Hurfaee ; (iv.) ditheulty of 

Hoatuing and repairing. NdvruisheH with a 
lirmvHl or tung ml ha.se are still used, howevei. 
for protecting goldheateix’ skin. 

(iii ) OthitiHt' has Ihx'II prop«»sH**l a.s a prootiiig 
for halloon fabrics, either alone t*r in oontaet 
with riihlH'r, hut though very goml gas-tight- 
near can la' ohtained by its means, the 
neeivssity for the addition i*f hygn)seo|)ie 
suhstanees in order to maint.iin pliability, 
tiigidher with the liability to decomposition 
by fungi and bacteria, has provt'ntc*d any 
extensive uh«'. The j)ermcabihtics of gelatine 
jellies hy various gjiaes wert* measiiretl by 
HagenbiK'b,^ luid earhon dioxide, nitrous 
oxide, hydrogen, sulphurette<l hydrogen ami 
aiuinonia gave very Mugh Hpjmiximation 
to Kxner’a law when the alwoqition coettieients 
of those gasH'S in water were used in the 
formula t oxygen appearetl to be lost some 
7*5 timt*8 os fast as theory reiiuirwl. The 
eoiioegtration of the jelly influences the 
absolute rate considerably : for eonrent rations 
0, 10, 15, and 20 per cent the relative |)er- 
meabilities wore it'speetively 1» 0*71, 0*67, 
and 0*50. 

t 

• ItfiNilUn. 1878, II. 202. 

» Phil, it ag,, ltt20, xl. 272. 


(iv.) yUroceUutose and aceiylceUidow have 
been userl with some success as “ dopes ” to 
reduce the i>ermeabihty of rubbered fabrics, 
though no fabrie.s have come into practice in 
whiidi those substances form tlie sole proofing. 
Both classes of dojie contain oils or other 
softeners : the reduction of jwrmoahility is 
very marked until the film Ix'gins to become 
brittle. The use of unsuitable nitrocellulose 
may cause ra|)id ilestruction I’f the textile of a 
balloon fabric. Austerweil reports {lor. cil. 
p. lt)0) some experiments on the application 
of a cofhtnereial celhiloso acetate preparation, 
which show that the jicrmeability by air is 
negligibly small. 

{v.)(t<)ldhentcra' skin, obtained from the caeca 
of cattle, is used almost exclusively in rigid 
airships. The skins are soaked in glycerine 
Holniiori before nsi*, in order to prevent them 
from bocoming dry and brittle. The English 
piiu tiee is to stii k them with rubln'r solution 
to lightly rublM‘r*‘d fabric; in Germany they 
uie applied direct to the cotton, being stuck 
with glm* S.vmples of skin-lined fabric have 
shown permeabilities less than 01 lit. per 
s<|. metro js'i* day : mechanical imporfeetions 
raise the average ligure to l O Ills, when the 
greatest care has bw'ii exorcised in making 
the gas-hag In A.(\A. Hep. and Mem. No. 
IhiO, lough figures are given for the relative 
IH'rmeahihl los of a skin-lined ga.s-bag by air 
and by hydrogi'ii ; the hydrogen permeability 
being !1 2 fits, per sq. metre per day, the air 
}H'rmeahihty wa.s 1*7 fits. The latter figure 
is a.s higli as that for the air jK'nnoabihty 
of an ordinary nibbeird fabric. The writer 
ileterniined by a volume-loss method the 
jM*iineabihty of a skin-hmsl fabric by helium 
and foiiml it to be a little higher than that 
by hydrogen.^ Klworthy and .Murray, using 
a Sliakesjx'ar iH*rmcameter and more ample 
supplies <jf hebum. found the ratio of helium 
to hydiogeii jM‘rmeability to be unity for a 
fabne with a single skin and 1-3 for a sample 
with two skin layers.^ u 


DniKDRAL Anolk, See “ Aeroplane, Com- 
ptinent Parts of,” 

Distortion, Mka-surrments of, in Aeroplane 
Wing Structures umler Ixiada, See “ Aero* 
plane Structures, Bxiverimonts in,” § (6). 

Disturbep Motion of Aircraft in a 
Natural Wind: mathematical treatment. 
See “ Aircraft, The Stability of,” § (UB. 

Dopes : solutions i^ed for tightening fabric 
on aeroplane ^ngs. ’ See “ Aeroplane 
Wings, The Doping of.” 

♦ A.C.A. Rep. <r»Ml Afrm., 191 !i, No. 23^. 
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' Comp<)«itton and propaiation of. See ibuL 

§ 18 ). 

Pigmentation of. See i6uf. § (0). 

Dbaq : the c<jiu]>oncat of the force acting on 
an aircraft arming from the rettistanoo 
of the air, which acts in a din'otion 
op|)onite to that of the n^lativc motion 
Detcrnunation of, <m full scale aeroplane*. 
See “ AonMlvnamic Reflcarch, Full Scale,” 
§§ (10) and (12). 


Measurement of. in a Win<l Channel. See 
** Mmlel Kxjieninonte in Aeronautics,” 

^ § (7) (u.). (ui.). (iv.). 

Spewi, ami Angle of Attack, Effect of. 
See " Flight, Prmcn»U« id.” 

Dyn^mk’ Livt ok Amsmea duo to wind 
j forces acting vil.on the airship axis is inclined 
to thu virtual, and i*’ effeit on the per- 
formance of .ill-ships. Hie “ Airshi|>K, Kx- 
{lentnenta on,” § { ' 1). 
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Elevator. See ‘‘ Aeroplane, Conijionent 
Parta of.” 

Elkvaiors, 8tn*rigth ti‘.sts on. See “Aero- 
plane Stiuiturfs, Exin'roncnts,” § (IH). 
Ejjoinr Power, xariation of. uith height; 
effect on the jM'rfonuance of airenift. Sisi 
” Airc raft Perforrnaiuv,” § (.‘i) (i.) ; see also 
“ AoriKlynaunc Uesearcli, Full Scale,” § (8). 

ENCJINKS FOR AlRCUAPr, AIR-COOLED 

5 (l) Intuodt-'CTory.— -Air-ciHilcil internal coru- 
bustion cnginoH liave Ix'cn used fur the pro- 
pulsion of aircraft almost from the earliest 
days of practical a\iation. At the jirosimt 
date the majority of ciigincH are waL'r-cooled, 
but in the Rriti-h Flying Servuea up to the 
early part of IJHtI, air-coolo<l eiigmc.s were 
more used than \i ati'r-cooled. 

Air-cooled ciiginisj acre first hroughi into 
prominence by the rotary tyjK' intnxlueed by 
the Socicto (iiionic. At tlie date of their intro- 
duction, thcHi' engines hail a reliability vihieh 
compared not unfavourably with that of exist- 
ing stationary water- and air-cooled iy jx**, with 
the great iKlvantago of a much lower weight 
per horse-power. In addition their installation* 
in almost any tyjie of aerojilnne was a com- 
jwatively simple matter. Air-coriling was 
not, of course, confined to rotary engines. 
Eight- and twelve-i’vlinder V-tyj)c and single- 
and double-crank raiiial engines have been in 
common use for a numlior of years. The best 
known V-type engmes have been designed by 
the Renavdt (^uupany in France an<l Royal 
Aircraft Establishment in England, while the 
Anxani Company in Italy have consistently 
constructed the air-cisiled rarlial engines. 
The radial type has also come into prominence 
in England iluring the last few- years, ex- 
amples of which am the A.B.C’. Coiufiany’s 
“Dragonfly,” the “Ju\|]*cr” (Bristol Aero- 
plane Company), and the Siddeley. 

It is obviou.s that the chief differences be- 
tween water-cooled and air-cooled engines are 
to be found in the design of the cylinders, but 
the necessity for allowing room for the codling 
VOL. V 


fins and making suitable jirovision for the cool- 
mg air bl.mt exereiM* a considerabh' influence 
on the general design of tlu* whole (ngine. 

Engines may be claNSiliisl as rotary, station- 
ary line or \’-tvjM', and stationary riulial, with 
sjH'cial and intormedialc tyjK's, sucli as the 
dilTcn-ntial anil X l\po (niullipli'-cranU radial). 
It will Ih‘ convenient to consider air-cooled 
engines in this orilcr. 

§ (2) Rotary ENOiNKs.—The |>eculiarity of 
this typo from tlie point of view of air-cooling 
IS that a very coiiMileiable cooling draught is 
provided by the rotation of the engine itself. 
The power absorlK’d m doing this is, however, 
conHiderablo {Fuf. 1), and i*' u w'rious disad- 
vantage of this tyjK;. The effectiveness of the 



FfO. 1. — WlniUgo due to notation of 

H H. II. notary Knglnu. 

Normal b.ii of rnuiuc, 220 li.p. at 13U0 r p.in. 


cooling is also open to question. Where the 
engine is cowled, wliich is the ease in all 
mixleni machines, it is probable that the major 
jK>rtion of the air is rotating with the engine 
and that the relative speed of the air and 
cylinders is not very great. 

The possibilities of nitary-engino cylinder 
design arc somewhat limitcii by the high centri- 
fugal stresses imposed on any parts situated 
near the periphery of the engine. The centri- 
fugal force may, in some cases, amount to as 
much as RKK) times gravity. This affe<S«8 the 
design of the valves and valve gear,*and in- 
cidentally the design of the cylinder head, 
since the valve must approximately radiate 
^from the centre of the engine. •In one respect, 
however, rotary engines have an advantage in 
that the valves and actuating mechainUm may 
be kept in contact with the cams* by the 


M 
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« tliuH f‘Hn)in>itin^ the neces* (2) One piooo ftll-steel— (Jnonie Monosou- 
Hi'ty "f t'tlicr viry h^^ht valve Hprin^^H, pajM). 

ftuni(irnt Hilly to ( lu.-Ki the valveH whoa the (3) Separate head, with aluminium jacket 
eii).,Mrie w stationary for the barrel— Bentley Rotary. 




Thrw tvjK'a rotarv-eimine cylinders are in j The rt sults «d Wneh tc.sts of sinple cylinders 
penoral use at the pn'sent time in (Ircat Britain. *^1 tviid eomjdote enpmes are given in Fuj, 2. 

(1) One piece all-stei'l ~ Olorpet and Ix' 1 The cooling of the cylinders on the single- 
Rhone. I cylinder test bed.s is jirohably sujierior to that 
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on the complete enjjiiics, but this advAntage 
iM to some extent nulhl’u'ti by the jMK)rer cooling 
of the pistons. It w(»uhl appear that a very 
large pro|)ortion *>! the lubricating oil m coin- 
pleU' enguiea ould 
1 h' driven by the 
N ^ centrifugal effect 

,-»J on to the under 

^ * ) side id the piston 

heads, and, t»nee 
there, It loiild not 
ewajH' since it is 
subject to a con 
tinuous force of 
several hundred 
times gravity. 
Tills oil must, 
therefore, all 

S I e\aponite. ami in 

doing Ml tool the 

piston hejwl. '1 his. 
of I ourse, tioea not 
take plac<‘ on the 

l.'l.l II imi. P 

( It riiet lliii.u V l-iiuiMi Ih'iI.s. 

'I \ |K‘ (1 ). w hii h 
IS tvpie.il of I ot ary ell L' me cjlmdei d<*Hign, is 

shown m ICf. .‘k It !'■ miwhined fioiii a 

single steel foiguig, utul has integiai with it 
the cooling (min, inlet \alve port, ami (‘xIi.hinI 
\ai\e guide \t lirst sight the ma< hilling 
Ojierat loiiN ,ip]K-,u heroic, but special macliine 
tools ba\(' belli (k‘\ elopisl m the last few 
yeais foi work of tins natuie, wineli ba\e 
rediK ed the tost 
*'f eonstimtion m 
I a remarkable 

manner, (’ylmdeis 
of tins ty|s‘ are 
V - ^ 'cry lehablo in 

^ u«e, but, a.s would 

~~ be e\pe(U*d, they 

develop rather a 
low mean effective 
, jiressure, 

Tj-po (2) (Fijjr. 4) 
has features of 
some iiits-rcat. A 
• single valve serves 

both for exhaust 
and the admission 
of the major por* 

Fin I. r.0l,|,. i tlK- nil-; 

MunoMHipape tiiioiui' hiigjne, J hi.s valve is elost'd 
a little liefore the 
end of the indm tion stroke, after whnh a 
very rich jM'tiol air mixture i.s sucked through 
jiort.s winch the piston ^' "errim.s at the end of 
its stroke. In orMer to prevent the exhaust 
gaacvS from blowing ba< k through the ports it 
is necessary to open the exhaust lalves exeet!d- 
ingly early in the expansion strokg, so as to 
allow the e.xhau.st pressure to fall to that of 
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the Atuiosphwe ""'before the pints m overruns 
the ports. In practice the U*st results are 
obtamed by the vahe ojiening aUiut IK'i'’ of 
crank angle after the commencement o{ the 
expansion stroke. 

In 8j)ite of this 
and the further 
dLsad vantage that 
the inixluie m (1- 
< \ bnder is fai trom 
homogeneous, tln.s 
engine decelojis a 
higher mean elTee 
ti\<‘ pleasure than 
any other rotaiv 
engine. 1'his \x 

w llhout douhl due 
lo the single ten 
tral \al\e and 
.cbseiKc of imlm 
tmii or exIiaiiNt 
pipcN, permitting 
an unnNiiall_\ good 
ill langiMiieiit of 
1 oohng tins toiiml 
the e> liixlel head, 
the bus Uing in 

iliM'i t lontait with the surfaces iispiiiing 

cooling without the tu'cessit v of employing 

lu-avy so. tioiiN of metal t<o eondwet the lii'at to 
them The lesiilt is a \ery light i yhmh*r. 
Snell a < vlimiei fitted with suitable eon- 
ceiitne valves and working on a norma! eyele 
might give <piit( good lesults. \\b(*ther suit- 
able \al\es tail l>e 
exohid, bowe\(‘i, 

|H an open (pies 
lion, tlie ditb<nlt\ 
of sueli a di sign 
lK*mg very great. 

KxjMTiments ha\ (‘ 

Iksmi eanirsl out at 
the Koyal 'irenift 
Kstablishrm iit witli 
a Moiiosou jia pe- 
tvj>e evhnder With 
dire<‘t mjf'etioii, no 
ports, and a normal 
ojtening an<l closing 
timing fortfie sirigh^ 
exhaust inlet valve. 

Thw eylmdcr, oj in. 

Ixire by dj in. 
stroke, develojH'd a 
brake mean effc' - 
live pressuie of 12"> lbs. per wj. in. on»a find 
consumption of -5 lb. per b.h.p. hour. The 
<*ompresHion ratio is r» .'I to 1. 

In tyjw (3) 5, 6) the barrel has 

a f»n‘Ss<-d-on aluminium jai l^-t ' arrying iho 
iiiiH. It I.s jMissihle that this may Ik* more 
suitable for profJuetnm than fins tiimr^i on 
the barrel, but ex|ieneriec with thiia tyi>e of 


» 


t - 



Km. 6 cylinder of IMl. IJ. 
notary l.nglne. 
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confftruetion 8UK>?f*st« that no improvement 
jn fiHilinK in obtained m thin way. Owing 
to the thinnf‘,HH of fhe jiukot it eannot le 
preiiHod on very tightly without danger <»f 
the j/u ket biir«tnig eitlier at the time of 
firewHing on or Hubfkvjufntly. Kven if very 
tight initially, it ih unlikely that thia lit 
will be niaiiitained JacketM removed from 
tv|Mt (.*1) aftc'r a cylinder haa Iw^ui in aerviee 
»how that the contact iM'tween tlii* aluminium 
and the barrel h poor. It in jiosHible that 
the employment of vi-ry thick jacketa might 
enable good conta<t to bo maintained, 
but till' increase in weight over that of 
a Hti'el barrel with integral lina would l)o 
coiiHiderable. 

§ (:i) SrATioNAiiY Link oh “ V ” tyi*k 
KN uiNK.s.--’rhniughoiit the whole of the war 
V tv|)e air-eoolcd Htatioiniiy mignies have 
biM-n 111 coiitiniioiiH use m large numlx-is by the 
HritHh Air Service. 'I’lie 70 and HO h p 
Keiiaiilt c'ligineH wcie siipi-Meiled by t he 00 h.p. 
R.A.K, H eylinder, and fhi'i in its turn by the 
I'lO h.p. K..\ M. t.V 1 2 cylinder. Modilica- 
tioii.H introduced 


Although the alu- 


I 


fiom time to time 
alter .service ex- 
perience have 
rendered thin 
latter a very re- 
liable engine, 
t hough t h (* 
troubles e.xperi- 
enced with it at 
first weix' v<*rv 
givat. 'Phe -tA 
c\lmder I.S made 
of crtsst iron with 
integial tins. The 
valves are in a 
pocket on one 
side, the exhaust 
Milve Ix'ing in- 
verted (tver the I 
inlet valve. 'Phe 

eaat-lron fins are of fairly generous pro- gn«nt deal of tle- 
iMirtitms, but theiv is not mueh Pinning over | velopment work 
the Hat top of the ln-nd. 7 shows this j has U'en earried 

eyimdor, and the perforinaneo obtameil is i out with ra<hal 

engines during the 
jiart of 101 1 the R.A.K. 1 last few’ years, 
engine was produeetl. It j The '‘DragonHv,” 
“Wasp,” ”Sid- 
d e I e y , * ’ and 
“dupiter” engines 
are the pnneipal 
n'preaentatives of 
this tyj>c in Eng- 
land. In addi- 
tion a number 
the radial 


Kio 


-lA r>llndci 


are used. The perfonnanoe, w^hich is given in 
2, does not compare unfavourably with 
the average jierfonnance of water-cooled 
cylinders of that date. The cylinder has, 
however, ciTtain faults, 
minium jacket is 
thicker than that 
of the Bentley 
Rotary men- 
t i o n e d p r e - 
viously, its con- 
tact with the 
liner is not always 
very goml. This 
results ill a cer- 
tain amount of 
variation of {kt- 
formanee be- 
tween dilTeient 
eylmders. When 
tbi.s b.is been 
lint iced it lias 

neailv always 
been found to be 
due to poor eon- 
tiu’t. 'Phe 41) 
engine wh.s never 
|Mit into produc- 
tion, but a oer- 
laui number are 
in I'ognlar use at 
the R.A.K. m 
aeroplanes used 
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for aer<Klynamit e.v])erimonts, and give, on 
the whole, no moie tiouble than many modem 
water-cooled engines. Piactieally no progress 
has ls‘en mad*' in the last few’ years with tho 
development of the V-tyi>o air-eooled engine. 
This IS ehieHy «ltie 
to the grt'aU'r at- 
fraetion.s ofTcretl 
by the radial ty|>e 
of engine. 

§ (4) Ra D1 A 1, 

Knoinks. — A 


given 111 2 . 

In the early 
41) 12 -cylinder 

differs very little from the 4 A e.\cept m its 
cylindors (Fnj.t. 8, U, ami 10), which are of 
entirely different tlesign The liead and jacket 
of thes^' an* east m one piece of aluminium and 
an ojien-piuleil sttH’l liner is .shrunk in. The 
piston.s are of aluminium. The valve st'nts are 
stetd rings mserU'd in tho mould liefore easting. 
Tho brackets for^ carrying the valve gear are of 
aluminium, integral with tho cylinder. The 
head is spheiioal and of somewhat larger 
diai]iet4}r«than the barrel, and overhead valves 
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of cylinders suitable for 
engines have been designed 
and tested at the Royal Aircraft IfeUbiish- 
ment. 


> l^rais WSSkm. 


i«s 
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The “ Drafjonfly ” rnj/ine {Fig/i. 1 
haw a one-piece iwilul-ended Kleel 
Then* are two oxhauat \alvefl and one 
valve, all overhea<l. The liea<l 
is flat, of th<‘ native diameter aa 
the barrel, and is of eoiisider- 
ahle thickness, 'Phe \alveNB(*at 
directly on the steel head. 

Separate east • iron and alu- 
minium easting's, stmldeil to 
the cylimler, form the [Hirts 
f<vr the exhaust and inlet vaKes 
and cany the valve ^Mudes. 

The pi'rformance <)l)lam<*<l on 
test at the R.A.K. with the 
Maik II. engine is given in 
Fuj. 2 . 

The “Wasp" engine cylinder 
is almost identical in di'sign 
with the '* Dragonlly ” cylinder, 
but is of smalh'i si/e. A singlo 
cylimliT has not been testeil at 
the H.A. K., but the performance 
of the complete engine is given 
in Fig. 2. 

A seven- and a fourt<‘on -cylin- 
der enguie are constructed by the Armstrong 
Sidileley C'omjvany. The fourteen -cyhndei 
engine is shown in Fig. 13. Performanct 

figures for these engines are 
not yet available, but fairly 
exhaustive t<*at8 have Iveen 
carrietl out on a single Siddeloy 
^cylinder. This cylinder has 
an o{)cn - endeil steel barrel 
with integral fins, and a cast- 
aluminiuni head which is 
screwed on to the hanreh The 
valve seats in the [larticular 
cylinder tested arc of steel 
and are pla<'ed in the mould 
before the hearl is east. ^Latcr 
cylinders have hn»nze seats 
exi^dcd in place. The 
cylinder heail is spherical with 
two valves. It is very simila r 


mtemally ig the R.A.E. 2 IT 
cylinder doacribed later. The 
valves, how’ever, art' of equal 
tdxo. The tinning is not quite 
so go<Kl ns the 2 IT, but very 
excellent n'siilts have l>een 
obtained. Jhe fiist cylinder 
Jai.ed niter » shoit time owing 
to leakng ]>ast the screw 
tiuead. T’ is was due to the 
grow'h of the aluminium which 
almost invariably takes place 
when it is subjeeteil heat. 
Pit'ViouK exjHTieiice has shown 
that the tiouble due to this 
growth could be eliminated by 
annealing before final tnaehin- 
an<l 12) I ing. The head was thercfoie anin‘ale<l, the 
•y finder. threa<l rt'ciit and sirewi'd on hot to a new 
inlet 1 barn'l with a slightly larger ilianieter head. 

Tin* cylunler has run KK) hours 
with no recurniKc of this 
tiouhle. This cyhiuler has also 
hcen run at full throttle for Ifi 
minutes in a 30 ni.i».h. cooling 
hiast giMiig an t;// of 107, and 
for 4 minutes wKli no Mast at 
all, at the (*nd of which tune the 
rjj> w as 92. 

The ’‘.lu]ut(‘r” engine {Fig. 
14) IS hmit h> the Jlristol Aero- 
plane Company. This engine 
has 9 cvlinders, m. hore •*' 7^ 
in stioke, A small thr(*e- 
cylinder engine using the same 
e> Imders is also ma<h' hy this 
tompany. 'I'he cylinder of 
this engine consists of a solid- 
emh'd steel harrel, in the toj) 
of which are formed the scats 
for the four valves. Attached 
to the Hat top of the Immd 
by studs is a finneel aluminium 
ca.sting will* li contams the valve ports. 
The top of the cylimler ami this castmg 
are carefully faced in order tc^ rdvtain as 
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Fia. n —Cylimler of A B( 
‘ Dragontly ’* Fiailiie. 



Fio, 12.— Sopwlth “Snipe*’ Aeroplane with A.B.C. “ Dragonfl]^" Engine. 
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p,iH,d tJuinnal contact a .4 ponsibh*. 'Hie do8i|?n I sidorable drop of temperature occurs across 
of these (ylinders, houever, is undergoing | the junction of the linei and jacket, and 



Fio la. -Sl.idclc.v U-r>llu.Icr UiKlUl Kimlne. 


important moditications, wet that it is not [ th.it bettor results luo 
poHsihlo to j'lve usi'ful perforruauce ligures. ! Iiaiiel having integral li 
Of the cylmders 
tiesigiied at t he 
Koyal Airciuft Kstah- 
lishiiient, the most 
interesting are the 
2 IT. 22'rVV. and l!)T. 

Tlie design of the 2 IT 
will lie coiHuleied in 
some detail, ns it 
emtiodli's (he e\|>«'ri- 
I'lieo of several yeaifi 
of air-cooled e^ linder 
nwareh. The 21T 
cylinder {Figa. ITi 
and ItJ) embodies a 
tyim of construction 
whioh lias already 
IxH'n triinl sucieas- 
fully in smaller sizes, 
namely, an alu- 
minium head eiust on 
to an open - endinl 
stwl barnd with in- 
tegral tins. This 
eonslruetion has 
iH'on adopted fo" the 
reasons which follow: 
jacket 8tt*el lairrel it 
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« 

With an aluminium j the-w two jiarts, that 
IS found that a con- | at the Royal Aln^alt 


obta lin'd with a steel 
is. In tin' ease ol the 
<’\ linder head, how- 
evi'i, whi'i'e an open- 
(‘luled barrel is used, 
the snjieiior lieat 
eornlm ti\ itv of alu- 
minium IS of great 
advantagi', es|H'eiallv 
as, ow ing to t lie pie 
seiiee of vuIm's and 
ports, It IS impossible 
in (ilaces to have 
cooling fins \ ny close 
to the parts to bo 
cooled. The ideal 
air-cooled cylinder, 
therefori', would ap- 
pi'ar to be one of 
comjiosite const rue - 
lion, consisting of a 
steel open-ended 
barrel with integral 
tins and a well -finned 
east alnminuim head. 
\'nriou.s methods of 
constriution have 
Ik'i'n used for uniting 
particularly ilcvHojied 
Kstablishment being 
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the casting of the aluminium hea*i on ti? the 
8 t 4 H*l barrel. This is the mcthorl em]>Ioycd in 
the case of the ‘JIT cylinder 



V 

3^ 


-M 





only on© exhaust valve the hot bridge which 
existsH U’ltwi'ou tb© two valves is avoiiliMl. 1’hc 
valvo geai, al^o, for a .thice-v'alvc sjdn'ncal 
head v^ould olTor a gotnl de al of <iin'n*<dt\ 

Tlie mrthod -.f 
casting the head 
onto the baire! is 
as follous : 'Dio 
bar^l is tinislK'^d 
machined on thi- 
outside except 
tor squaring the 
holding ' dou n 
llangc Tlio bore 
is left with a 
small machining 
allowable. Tin* 
barrel and \alv<* 
hi'als arc inserted 
in this mould, 
which is baked, 
and the heail 
]>oured. 'J'lie 
e\linder is then 
Ills pel ted and 

water pressnie b'sted. If il passis, it is thi'ii 
inaehineil to a finish ; if not, the head is bn'ken 
off and a lu'w <ni<' tai.st on to flic same biurel. 
It has occnrretl in one rase that a fault cMsteil 
wlinh was not <lis(o\ered until afti'r the 
cylimlcr had Imsmi ruii^ 'I'he ex)K‘nriicnt 
was then for'* tried of casting a n«'\v 
h(*ad on to a < lUiiplctcK ruachun'd )»anci. 
'rhe> has been done lu three ( ases, ainl in 
no ease ha\e the subseipuTit r>rrois in the 
bote Ims’ii of Kufh< I'Uit iriipoitanci* to 
justify H< lapping the esimdi r, 

A .set of these lylilideis has been 
niounled on a “ Dragonfly " i rauk chain- 
b<*r ami fhe engine tested both on the 
bench an<l m flight. 


Flu 10. i: \.i: t!i r I \iiini« r. 


(’•intinuiug the dr'si rijrtion of this cvlmder ; 
the liead is sjrheiieal, of unusually small ladius 
'I’herc an* two vahes 
only, tlu* inh't luMiig 
th(* huger, 'rill' slrs'l 
hracki'ts for the \ al\ e 
gear- are at 
tached l>y t\io 
bolts to alu- 
minium lugs on 
the head cast 
mg 'I’he radius 
of tlie Njrhencal 

herwl IS 3 m. , _ 

(diamep'r of cylinder ^ 1 he heneh t<‘st j>er- 

5^ m.). 'I'he ohjeet “ formanci* IS given in 

of tile spheneal head J mSB In flight tlie 

is not only to obtain <‘Vlmd(*rs gave very 

a good shajw of good lesull.s, but tlio 

combust ion ebamlx*r, P “ i iiimjj* engmewasunfortun- 

but ahso to spread the Wa. ^ ately ultimately 

upper parts (d the ^ ^ w re< kcsl liy thefailure 

valvi's wr'll a[)art anrl ' ‘d the <jil sujiply to 

allow' a very good How i 'jmtj connecting - rod 

of cooling air acros.s A ^ U'aring. 

the centre of the A ^ Th«* 22TW cylinder 

head. It also re.siilts r '' , 1 . f/nf- 1") merely a 

in keeping -he general ' " srnalh'r erbtion of the 

level of the outside 2IT. Its fs*rforni- 

of the inlet and R.A.F. lUT Cyflniler. R.A.F. 2JT\V ryUiulcr. an ce is exceptionally 

exhaust paasage.s low Pio. 17 . good, 

compared with the s The lUT ej^ Under 

t^ij) of the head, so that they do not shield j (Fig. 17) is prohahly far the largest air- 
other part^ of the head tisi bmlly from tlnv | cooltHi cylinder in the w(vld at tho pro- 
cooling blast. i wmt time. It ha« a Isire rlf 8 in. and a 

Two valves only are employerJ. By using j stroke of 10 in. It was constructed in order 
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to tletormliu' if then? were a definite limit of 
Rue for air-cooled eyliiuh'rH. J^ike the 21T 
it hoH a CHHf on aluminium head, hut in thi« 
caHc four valves are employeii. 'I’he head Ih 
«|) hcfical, ami jiarticular can* hoa hecn taken 
with lirinini' ai tomh the I'cntie of the head. The 
rewultH olitaimd (/'V/. 2) are remarkable. It 
should he notisl that this cylindoir ih a ^oo<l 
deal heavier than would he neeeHHary on a 
com[)lete (Mi)L?me. To amt the teHt-l>o<i it had 
to Ix' made about d in. or 4 m. lonKer than the 
Htroke reijuired, and the hariel ia thicker than 
ne(S‘HHarv and the fina on the barrel are too 
cloMcly pitched. 

Atteinjita have been made at the R.A.K. to 
attach an aluminium head to a steel barrel by 
means of bolts and studs. 

Complete success has not 
IxM'n obtained, but it is 
considered that the results 
are jiromisiuj^. h\ij. 18 
shows the rni'lliod of con 
striiction employed. 'I'he 
conduct IV ity of the joint 
is probably poitr, but 
cornad- piopoitiuiunj' of 
the iiumnit should not 
require good conductivity 
along the length of the 
cylinder. 'I’Ium mocoiqiln 
tests show that thjj difier- 
enee of tem])eratui‘e Ik*- 
twiMMi the two siih'S of 
the joints did not any- 
whert? e.\<etMl ('., the 
aluminium side of the 
joint In'ing the hotti'r, 

Kxcept just underneath 
the exhaust valve the 
t<'miR?rature dilTerence 
di>es not exceed (’. 

§ (5) (’OMPAUISOV OF Hotvuy, 

ANO Kadul Aiu-(’ooi.kii Kn(iink.s, The only 
advantages possessed by rotary eiu.'ines over 
the radial tyjRi an' the ab.'R'iiee (*f crank balance 
weight, the lower loading of tiu' big end iR'ar- 
ings, the la'tter distribution of the mixture, 
and the greater exp'rienee available. 'I'liese, 
however, all rtH|uin> some (qualifying. 

The balance weight is a puir addition to the 
weight of the engine and has no other di.s- 
advantage. In a radial (uigine having two 
cranks at 180'’ the balance weights are not 
very heavy. In a rotary engine the loadings on 
a rrankphi liearing itself an', it is true, mueh 
loss than in a radial engine, but in a big end 
bearing*of the imwter and articulated nnl txqa' 
fche wrist pins an' much more heavily loaded in 
the rotnry engine. 

With regard to the mixture distribution 
this is certainly iietter in rotary than radial 
engines at the present moment, but by the 
insertion of a fan in the centre of a perfectly 
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symmetrical induction system, which is pos- 
sible in n radial engine, it is conceivable that 
the distribution might be made as good as in a 
rotary engine. 

The greater experience available with rotary 
engines applies particularly to the big end 
Ijearmg. The Canton Urine water - (joolod 
radial engine, however, hag lieen in use 
ior a very long tiim*. In the earlier stages of 
the war it was regarded as hieing among the 
most r(‘liablo engini's known. 

Th(‘ speed of the rotary engine is limited by 
two factors, the high windage lo.ssc8 at 
Hp('('d and the high centrifugal stresses. For 
instaru e, the normal sjan^d of the “ Dragonfly ” 
radial engine is 1050 r.p.m., and that of the 
U.K. 11., a much smaller 
engine, Ui(K) r.p.m. 

The friR'dorn of cylinder 
design rendered possible 
by the absence of centri- 
fugal 8tress<‘s allows of 
an 1 JP of 12 per cent to 
20 per cent higher being 
obtained. The smaller 
gyroscopic eflect in flight 
IS of importance in high- 
fierformaneo machines. 
For instance, the JSnipo 
with the “ Dragonfly ” 
engine Ls very much 
|»le.isiinter to fly than 
the Sni[)e with B.R. II. 
or the 2(X) h p. Clerget. 

'J’he oil consumption 
is much less on radial 
(*ngine.s (“Dragonfly” 8 
pts/hr. and B.R. 11. 18 
pts /hr.). 

'File cost of production 
is mateiially mluced 
owing lo there being no necessity for balancing 
the ('vlrnder and crank chamlxjr. The latter 
can Ir' an alummiiim casting, whicli makes it 
very mueh cheajicr than the elaborately 
mucluni'd st('el crank chambers of rotary 
('ugmes. 'I’he tonjiie reaction is transmitted 

the frame of the inachmo through the whole 
engine in the eaw of the radial, and through 
the crankshaft in the case of the rotary 
engine. The moment of inertia of the former 
about its centre line is great, while that of 
the latter is very small, with the rt'sult that 
any uneven turning moment, particularly 
that due to misflring, is very much leM 
noticeable on the atroplane (a compara- 
tively ehistio structure) with a radial than 
a rotary. 

Compared with thei V-type engine, the 
radial engine has greater advantages where 
j^ir-cooling is used than with water-cooling. 
In the case of the air-c(M>le<l V-type the 
oylinders have to bo pitched further apart 
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tiuui in a corresponding water-cooled engine, 
in oitler to allow room for adequate fins, 
thus making tlie whole engine larger and 
heavier, tliough advantage can be taken of 
the increased length to increase the crankshaft 
bearin'^ surfact‘8. The water-c(M>kxl radial 
engine luis the disadvantage of needing very 
comphcatcHl water connections. The result 
is that the watt'r-coolod radial engine may 
not have very much advantage over the 
t.vi>c-. The air-cooled nwlial engine, 
however, has some \eiy marked advantages 
over the air - coolqd V - tyfie. It is very 
much lighter and there is no limit, other than 
Considerations of weight, to the si/o of the 
coohng liiiH. The cylmders are all equally 
exi>osod to the propeller slipstream, whereas 
in the \ -tyjie spcfial cowling airangemeiits 
are necessary ami the blast velocity over the 
fins Ls gcneially niiieh lower. 

A iiu)dein V - tyiHi air - coohni engine 
might 1 m‘ a fonnidahle e«»mj)etitor to the 
wuter-co<i'('d engine. Tlie point, liowt'vei, is 
that tlie ail -cooled radial engine h.ts such 
an adv.uitage ovc'r the V'-tyjxj that it does 
not seem worth while at the [ireseiit moment 
developing the l.itUT. 

Tli(‘ laige tlianieter of the air-cooled radial 
engine is not nearly so great a disadvantag** 
as it appeai-8 on [laper. The julot's view 
from most “ DragonUy ” I'ligined machines 
is sufierior to that geiKTally obtained from 
aerojilfines with water-cooled engines. More- 
over, it is almost ei-it.im that th<‘ crotvs -sectional 
anni of aemplane fuselages will he coiisKlerahly 
incre.ust'd ni future, for otlu'r reasons than the 
question of engine mst.illtition. 

Model experiments suggest that the hciwl 
resistance of a radial engine with normal 
cowling is high, but the fact remains that 
the Snijie with a Murk I. “Dragonfly” 
has given a level s|x‘ed (corrected) at KMXK) 
fiH't of over 140 in.p.h. From b<'neh tests 
it is unlikely that this engine was giving 
more than 280 li.p. at 1050 r.p.m. at gmund 
level. 

§ (0) Velocity of Cooling Blast. — As- 
suming that an air-cooled engme will only be 
used for driving a tractor sen'w, the available 
cooling blast velocity at, say, two feet radius 
from the centre of the screw is about 20 per 
cent to 23 per cent greater than the aeroplane 
8i>eed. For low' performance machines, there- 
fore, the blast velocity is alxiut 80 ra.p.h., j 
and for high-performance niachinc.s, about 
95 m.p.li., at climbing speeds, and of course 
considerably higher when flying level. Con- 
clusive experiments relatmg performance to 
cooling blast velocity Have not been carried 
out, hut so far, as might be expected, after a 
oertain velocity has been reached, the increased ' 
cooling obtained with a higher blast does not 
appear to be very great. From the experience 


at present available the advantage of increased 
blast velocity above 100 m.]i.h. would apjiear 
to be negligible. It is obvums that when 
the blast rea« hes a vehu ity at which the rise 
of bl.ust tenijH’i-atiire is negligible comjxmal 
with the tenijierature ditTenaue In'tweeii the 
cylinder and the that irnprevenient 

cun only be look'al fv»r from im reaHcd turbu- 
lence. It must 1)0 m’K>inlx*rt‘«!. Imwever, 
that many parts of a cyliin'. r may lx‘ subjected 
to a blast of quite li w \cloi ily even when the 
average vi'lmity is liigh. 

The ligures given abexe for the available 
blast velocity in flight ajiply only to tlie most 
favourable cases, e.ij. a ladial eiigiim with 
ex[K»8ed (yhndcrs. It is iniproliahle that 
such a good blast <an 1 m' obtained by cowling 
‘‘ V ” or line tyjM' engines, though it may be 
(juite siiflieieiit for the juirpose. 

In connection with cooling it may be os 
well t-o |K)int out hen* that jiowor Ic'sts (d air- 
cooled engines in which the' rbiration of the 
test is only a few minutes are nlisolutcly 
meaningless, aii<l that no figures should he 
aceejiteil wWch cannot be mamtauied coii- 
tinuouHly for <it least tifti'cii minutes. It is 
unfortunately the case lh.it the practice of 
obtaining so-ealled “ smitcli p<»W(T readings” 
exists, with the result thal extiemely mis. 
leading (igim‘K arc fnMpiently quofeil. 

Fkj. 11) shows the clh'Cl of*hcating uj) on the 
power developed by a “ Dragonfly ” engins 
with “ Dragonfly ” cylinders and with “ 21T ” 
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Ttme in Minutes 


Fm 19. —Variation of Power witli ('yUnder 
Temperature aftiT starting up I 'okl. 

cylinders. In each case the engine w^ run 
up to full power from cold within a few seconds 
of starting and brake readings taken at short 
intervals, while the speed w'as kept constant. 
In these two cases aiK>ut *minuk^ elapsed 
bebiro the engine attained a constant tem- 
perature. 
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§ (7) PhKSKM 1) W PoMITIOS op AfR-C<M)l,KD I 
KNorNKs. l/«*avitiL' "f nil ! 

tlio itiiprovtiMOfitK wlii(h future e\|M‘rim«*iitH ' 
may r«'ii<Icr |)<hsiI)I(‘, it muy lie liefinitely | 
MtaU'il that tin air <'(»ul( (l enuiru' l ari he nwule : 1 
tl) IJavaiK ail qf> 120 an the CMimplete 
.‘ML'IMC. i 

(2) \V< i;j;ht not more tlian 2 llw. per h h (» I 
(:!) Capalile of Htamlinu full load nmler th(» i 
Name eonditionn »iH a water-cooled enji(Uie. 

( t) llavin^i; a fuel eoiiMUinption not exeeedinj' 

0 5.'i Ih. h.h p. hour. 1 

(T)) Alrto, though the Mtatennuit eannot he 
«na«le in Hiieh a detiniti' manner, nueh an enyine ! 
may he an reliable us any watei -( ooled engine. 
Ill the uliHtMue of niliahlo tahiilatt'd dat.i on 
hn'akdowriH in serviei', and the lack of aerviee 
expi’rienee with the best types of air-e»H»|e<l 
cylindeis, any statement on reiiahility mu.st 
he hasefl on personal experieiiee. 

§(H) 'I'tIK ItELVTIVK AiiVAN'I' \ m.S OF Watfh 
AMI Aiu-< ooMNo - h’Apmiments havi' shown 
that, within all piaotiealih' limits, tin* cooler 
the I'vlmdei the hii'hei h the theimal enieieiiey, 
itl sjiite of (he fact that the jacket Ioh.s(*s ate 
greater. It is possihh' that this is due to a 
partial eoinhiiHtion diirmu the eornpression 
stroki', the rate of whieh im leaw'S with the 
temperature, 'I'heevhaiiHt vaUeof a cylinder, 
however, is «o miieh hotter than any other 
]iart of it that itii i.s probable that nearly all 
this eornbiistion takes place close to it-s 
surface, though the piston heinl may hi' paitly 
res|ionsibl<'. (Jood eocdm^ (d a cylinder, 
thetefore, }irobabl\ only improves the theimal 
('Iheienoy imlirectly by loweimi; tlie exhaust 
valve and piston tmupeiututes Toi this 
reason the desii^n of an an cooled cyliiidei 
must b(' lai'itely concerned with eoolmg the 
exhaust valve. In this lesfiect an air-cooled 
evlinder must Im> s<«mewhat inferior to a w’ater- 
eoolcd ('vlmdei’, but <|uantitativ'e!^A , .i.s an 
in.siH,'etu»ii of the table in Fxf. 2 shows, the 
dilTereiu'e is not ijivat. 

( 'onsideiatioii of lubrication and mechanical 
strength would permit watei-coohsl enjiines 
iH'in^ run with a jacket tempi'raturc consider- 
ably exceeding lOt) but, of course, should 
this hapjH'n' owinj^; to the water-cooling 
arnuigements being inadeqiflitc or defective, 
the whole s\steni fails completely Air-cooled 
engines, on the other hand, are iiiimun© from 
any total failure of thus nature, and should 
(hey nin hotter than normally, owing, for 
iii.stance, to unusual I'liniatic conditions, will 
suffer some rtMluetion in ]K'rformanec, but give 
no otltl'r trouble. 

'I'lie saving in weight due to air-cooling 
may not lie veiy gri'at and may. in some cases, 
bo eouiitorbahuiced by inert'osed head resist- 
ance. Its gn'atd advantage lies in the lower 
capital and attendaime costs, and the .simplicity 
of the engine instaiUition. The gain in these 


directions is so great that one may confidently 
prrsliet a very considerable increase in the uac 
of air-eooled engines in the future. ^ u 

KNtilNKS FOK AlItCRAFJ', THF EFFECT 

OF Ai;rni:i)E on the ki^nning 

AND ]»EHFORMANCE OF 

^(1) I N'l mniFCTouY, — In tlu early days of 
aviation the maximum hmght reat'hed was 
comparatively insignitiearit, ami the elfeet on 
tin* peiformame of the engine negligihle, but 
at the present d.iy the Hying range, at any 
rate foi militai'v |iurposes, may be considered 
to extend lii'tween H<‘ii-h>vel and a height of 
ft., ami this will cert.iinly be increased 
in the neai fiitiin*. Within these hunts the 
v.iriatioiis m atniosphenc pressun* ami tein- 
(M'lature are very great. 'I’hi'se vanations are 
not constant, Imt a fair average for Great 
Hiitam IS given in tin' table below. 'riie 
I lignies are an aver.igi' for the whole year. 

! Smc'' mm li more lUing is cat t ied out in 
summer than in wiiitm'. tlu' average' ti'inpeia- 
tur<' for tlvmg weatlu'r is somewliat biglier. 
'I'lns <loes not, bowt'vei'. so much afh'ct tin' 
tigurcis for tin* higher altitudes, ir>,(MM) ft. and 
over. 
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The.se variable atmospheric comlitions affect 
1 aircraft engines in the following n'.s])ects : 

I. I’owcr. 

I 2, Fuel consumption. 

! .'f. (’arhuratioii. 

1 4. Electrical ignition. 

! a. CylindeP cooling. 

^ § (2) Epkkct on Power. -In all ordinary 

internal combustion engines, including all 
; normal aircraft engines, the cylinders are 
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ttrran^?e<l to charge themselves with air, hy [ 
having their cvlimlers <»f>on to the atmosjihert' 
through Huitcihle \al\e8 during the smtem 
stroke. The result is that the eylin<h‘rs aie 
cliarged with ail after the suction stroke at 
a pressure which is slightly lowei than that 
of the atinos}ihei«* in which tin' engine is 
working, 

'J'he inaxiinuni quantity of fuel which can 
usi'fully he burned in a cylindei is (»hYiousl\ 
jirojioitional to the ((iiantity of air eonteined 
in the cvlimler. Hence it will he seen that the 
quantity of fuel, and consequently the power 
which can he de\elop«'d, is, roughly sjieaking, 
j)ro()ortional to the clcuisity of the atmosjihere 
surrounding the' engine 'rins fact was re- 
cognised hefoic the acUent of aviation, and 
s|Hsial ai r.ingeuients have hecui mad«‘ foi 
stitionary inteinal eomluistion engines when 
thev hav«‘ Immui recjuni'd to w'oik at high 
altitude's, such as, foi instance', when supplvung 
powei to some of th<‘ mines situatcsl in the 
mountainous distiuis of South Americ'a. 

I’ntil (imte leci'iitlv. houc'vc'r, the etlec't of 
altituih' lias not lu'cti studied at all < losely mu 
evactlv. At Inst sight it would apjw'ar that 
th" indicated jiowei of an engine should 1 k‘ 
propoitional to the Htm<»spherie d<*nsity, hut 
theue aie some feature's ah<*ut tin' internal 
eomluistion c'ugim' which ]iievent advantage 
Ix'ing takcMi of inc'H'ased dc'iisitv when this is 
aecomjiiincd hy low tc'mperature. 

(’onrmnig one’s .ittention t(t aiieraft c'ngines, 
winch in all cases use pc'trol as fuc'l, it is gener- 
alls found that if the* tempc-ratuie of the in- 
duction pipe is allowed to reach toi» low a 
value' the distiihution hc'tweeii the' vaiioiis 
cylinders Iw'eomos had and a sc^riotis loss of 
power oec'urs, accompanii'd hy very ii regular 
runrinig Foi this le.isoii it is frecjuentlv 
arrangi'd to h(*at the earluirettors, induction 
pi}>es, oi air intakes. Moreovc'r, the mixture' 
ahsorhs a eonsideralile amcuint of heat fiotii 
the* cylinder walls, v.dves, and piston he.id 
during the indueticin stroke. The temperature 
of tliese parts ami of any pre heating arrange- 
ments, if filtc'd, iK'ars no clirec t relatiomdiip to 
that of the surrounding atmosphere. The 
variation of pctwer with altitude is thert'fore 
defiendent to some extent on the particular 
de.sign of engine. A f.iir amount of reaeareh 
on this subject has lieen carried out l>oth in 
(light and on the fieneh. A paf>er on this 
subject* vvjvs written by Mr. J>. II, Pinsent 
and Captain II. A. Kenwick, who mme t^i the 
eonelu.sion, from a numlier of Hight testa, that 
the power devolojierl by airi raft engines w^s .a 
funi'tion of the atmospheric pressure only, an<l 
almost indejx'mlent ol temiierature. This, 
how'cver, is not in very close agreement with 

' “ Variation of F.npine I’owerwitti Ih'iaht.” JirporiK 
and Mnn^fr/iruia, No 402. published by the Aero- 
nautical Kescarcli t’oinniittee. 


. EFFECT OF ALTITUDE 

• 

bemh tests. The following formula will 
generally give results with an etror not exeeiHl- 
mg per tent or -I per cent wlun useil to 
ileterrrine the jiovier develo|K‘d up to 2o,0(H) 
ft. attitude from tests on tlu' gioiind : 



when* \V, and W' ^ are tlm indicated horse- 
pow« IS, 

p, ami />. the absolute atmospheric 

pt< SSUK'S, 

ami f, uml t, the nhsolule atinoBjilieric 
tcmpi'iatuix'rt 

dunng the test and under the K'quiiod con- 
dltlollH 

\\ ith extreme designs the index, given as -4, 
might he expel ted to vary between '2 ami -7. 
To determine the brake liore-pow cr. the 
assumption may h«' maih' that the mei'hanical 
losses are constant and, if unknown, may l»o 
taken as averaging about 12 jK'r rent of the 
ground imlK'ateil boise power 

X'arious anangements have been suggested 
and ('Xperiim nt«'<l with for pn'venling or 
mmimising tlu' ledm tion of jaiwer at altitude. 
Tluwe de|KUul on imreasing the I'xplosive 
charge in the i-vlinder hy some auxiliary 
pumping device. Slejqx'd pistons have Ix'cn 
nsi'd by Mi Huaido m which the undersule 
<if till' piston is used as .iFl an pumj), which 
both assists in si avengeiing tiu' exhaust duni»g 
the exhaust stroke ami pumfis in an extia 
quantity <»f air into the cylinder at the end of 
the smtion stroke It is intemled willi this 
airangement that by means of suitable valves 
the pumping snh' of the piston should Ix' dis- 
eoniiecteil from the mam (>limler until an 
altitude i.s leaclw'd at which the super-charging 
may Ik* allowed to take placi' safelv. As the 
arrangement si amis the aiuoilnt of extra 
].ower that e.ui he obtaini'd is not very great, 
but it ha" the advantage that, witli the 
excr'ption ol smtion valves, im t'xlra W'orking 
p.irts are rc<pnied, and although the weight 
t)f the engine is increased by tlic use of stepjied 
pistons, the partKular tyjK? employed has 
certain deiinite nieehanical arlvantagcs which 
go some way to qonijiensatf' for tins. 

In order t^) maintain at high altitude any- 
thing approiM'hing an absolute pressure in the 
cylimler at the iH'gmning of the comjiression 
stroke, r^unparahle with the normal ground 
atmospheric pressure, a piston pump of eon- 
sideralile volume disfilaeement is necessary. 
A much lighter an<l moreeompaet arrangement 
consists in using some form of n»tary com- 
pressor. A great deal of experimental work 
has Ih'cii done in this direction, using centri- 
fugal hhiweis driven either iiy gearing from 
the engine or directly (oufiied to a turbine 
driven by the engine exhaust. 7’hese devii'es 
cannot more than mentioned hofle ; their 
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prft««nt Htat« of rlovol..pn»ont leaves much 
to 1)0 done, l)ui tiinro H<*ornH no q»ioHtif)n that 
the |>owt*r of «?ngmt’rt at altitiidns of 20,000 ft. 
and over eari l;e very greatly ineroased l>y thoir 
rtu^aiiK, jiinl with an additional weight which 
IM eortiprtfatjvely Hmall. It in worth noting 
that an altitude of over .'la.OOO ft. ha.H hwn 
(»htaiiied in an aeroplane in the fTtiited 
StatcH vvitli an exhaiiMt-driven turhino-blower 
IriMtallation. 

§ (:i) Kvkkct os Kuki. Conhomption. -In 
an ideal engine the thermal eltieieney in a 
function of tlie coinprc»Mion ratio and indo- 
pemlent of the density td the working Hiiid. 
The economy of hucIi an engine, therefore, 
would not ho alleeted hy altitude eomlitions. 

In actual pra< tice a deereaw^ in the deiiHity 
of the air han an inlluonce on the rate of eoni- 
huMtion and on tlie proportion of heat lost to 
the < vhnder walls, which .somewhat roduees 
the thermal elliciency. 'I'hiH reduction is not 
very gieat It has heim mvf'stigated e.vpen- 
mentally, hut only for paitn iilar cases, fr«»in 
which it wouhl not he poasihle t^) draw general 
conclusions. 

t\ more important reduction in eeoiiomv 
occurs at altitude owing to mechanical losses. 
Kxpei'iment has shown that thesis lo.sses are 
mori' or less eiuistant and independent of the j 
power dev elo|)eil liv a paitioular engine. They 1 
therefore bear an increasing |)rop*)rt.ion to | 
tTie power developed in the cylinders as tlii.s I 
power IS iliminishe<l by a reiluction of the | 
suiTounding atmosphene pressure. ; 

It is po.ssihle to increiise the powiT dovelojvod | 
at altitude and at the same time to iedu<‘e 
the fuel consurniition hy raising the com- 
pression ratio, 'rids, however, entails a certain 
saoritii'e of power at low altitudes. Too high 
a compression ratio causes detonation and pro- 
iguithm, hut it has laven found by exjicriment, 
at any rate iiiuler the comlitions which exist 
in inti'rnal eonihustion engine cylinders, that 
the tenifierature at whiih detonation occurs 
inert^ases with a deereiv.se of the absolute jiresa- 
ure ; eoasequently it i.s po.ssihle to usts without 
any adverse effect, a higher compression ratio 
when running in an atmosphere of less than 
the normal pressure with 4v corresponding 
increase in economy. A aeries of tests were 
earried out at the Keyal Aircraft Establish- 
ment by Dr. E. G. Ritchie.^ The e.xpenments 
ahow'wl that a oompnvssion ratio of 7-0 to 1 
could Iw used, when running at an atmospheric 
pressurt) (‘orres[>omUng to an altitude of 11,000 
ft. ivndUover, with a considerable incn'ase in 
economy over that obtained with the normal 
oompression ratio of the engine' (4-9 to 1). 
There are obviously, however, distinct limits 

‘ " The KlToct *of Comproswlon Ratio on the 
Uehavlour of an Aero Bngine at Altltiule,'' Internal 
CtmhuMion KnfjxM SnIk'Vommittre Hevorts, No. 44, 
published Uio Aeronautical Resoaroh Cuiniulttee. 


to the usefulness of increasing the c/)mpro88ion 
ratio. In order that a high compression engine 
may nm at low' altitudes it is necessary to 
reduce the ahsolulo pressure in the cylinder. 
The simplest way of doing this is to use a 
throttle valve and not to attempt to make use 
of the full power of the engine at loW' altitudes. 

If this is done, however, the power whieh can 
be safely obtained at ground level is approxi- 
inaGdy eipial to that which the engine will 
develop at the lowest altitude at which it 
may he safely run on full throttle. This is 
considerably le.ss than would be obtained with 
the H.tm© engine with a normal compression 
ratio limning at full throttle, ^ 4 

1 § (4) Ei kkct o.n Paruukation. — I t can \)e 

! shown that if a simple carburettor (that is, 

{ one whieh hivs no moving jiarts) gives a con- 
I st.int mixturo under all running conditions 
j at any particular atinosphijrie pressure, it 
will give a mixture which becomes tieher iis 
j the utm< ‘Spheric pi(*s.suro i.s reduced, so that 
i the mixtuie strength is a])proxinuitely in- 
vi'isely proportional to the scpiare root of the. 
atmospheric diumity. It is theieforc necessary 
for iMrhurottors to he titted with some arrange- 
i ineiii by \vhi<*h the nnvtnie ratio can he ad- 
ju.sted mther aubunatieally or by hanil. 

The arrangements in general use in England 
consist either of an adjustable neialle valve 
situated lietwa'on the float chamhor and tiio 
jet, or an ailjiistahle air valve by which the 
spm'e ahovf the jMdr(»l in the float chain tier 
can be connected both to the outside atnio- 
sphere and t > the point of maMmum depros- 
.sion in the choke tulie of the earburettor. 
This latter anangmnent has om* important 
mlvantage, which has, however, generally nt)t 
!‘een made use «»f. If nn engine lie fitted 
with a number t>f cai buret tors, only one air 
valve will 1 m) reciuired for all of them, as it 
I can lie connected by suitable pipe's t(» their 
' resjM'etive float chamliers and choke tulies. 
j When this is the ca.se no question arises 
j of synchronising controls on different car- 
I burettors. Unfortunately, in most cases, 
i this has not Iw'en done and each carburettor 
j has l>een fitted with its own valve. In this 
j ease this method would appear to have no 
advantage over the control by variable needle 
valve in the {letrel supply. Various arrange- 
ments have Ikhui made to effet't this com- 
pensation automatically. In one arrange- 
ment the air vaivo xvhich interconnects the 
j float ohambtT space and choke tnlie is actu- 
ated by a sealeil anereid diaphragm, while 
th«j§corineetion to the atmo8ph(*re is under 
hand control. The t^sts so far carried out 
show that this arrangement works very 
satisfactorily, and that one setting of the 
^ hand eontnil is correct for all heights. The 
apparatus has not, however, been tc^ied aboro 
15,000 ft. 
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It has been proposed to construct a car- 
burettor with a jet of peculiar form, so that the 
velocity of the petrol was such that the flow 
was purely viscous. In this case the rate of fl()W 
wouhl be projMirtionai to the pressure differ- 
enc?e betwe<m the float chaml)er and the choke 
tul)e. Under these circumstances it can bo 
shown that the rate of flow would be pn)- 
portional to the absolute density of the 
atmo8[)hero. Some experiments wore actually 
carried out with a carburettor of this ty|>e, 
but apart from difliculties encountered which 
need not be detailed here, it would not appear 
jxissihlo for such a carburettor to give a con- 
stant mixture ratio with varying rates of air 
flow for any constant atmospheric ctindition 
without some form of compensating device, 
since it is impossible U) reduce the air velocity 
to that corrcsjionding to viscous flow. 

'Fhe low temjwratures existing at altitude 
have an adverse ofToct on the uniformity i>f the 
petrol mixture ilistriliuted to the various 
cylimlers. The mixture fornu'd by a car- 
burettor consists of air - fM'trol vapour and 
flnely divided li(|uid jK*troI. Wherever the 
latter touches the walls of the imluction 
pipe it is apt to coalesce and form coarw* 
streams of liquid, which may be distributid 
among the cylinders in very unequal pro- 
jKirtions. It is thorebiro necessary to supply 
a certain amount of heat to the induction 
system to reduce the proportion of fuel 
coalescing on the walls of the induction pifn*. 
in order to ensure reasonably good lUstn- 
bution. The liost meth<»(l of doing this, in 
the case of wat-<^r-cooled engines, is to water 
jacket the imluction pi|)e. It is impossible 
to give a general estimati^ of the heat required, 
as this varies very greatly wdth the design of 
the induction system. In certain tyfH*8 of 
air-cooled engines in which the air intakes an' 
exhaust heated, it has lieen found necessary 
to pre heat the incoming air to such a degree 
that umler no circum8tance.s is its temjiera- 
turo less than -tiUC. In order to meet the 
conditions existing at 2/1,000 ft. this involved 
raising the temjierature of the air So® to 40“ C. 
This may lie regarded as an extreme case. As 
the addition of heat at this point in the cycle 
of operations is a disadvantage from every 
other point of view, no more heat should be 
supplicfl than is absolutely necessary. 

§ (5) Effect on Elbctrical Iokition. — 
That altitude hiis any effect on electrical 
ignition is due to the fact that the apparatus 
used relics t<i a considerable extent on air as 
an insulator, and also to the peculiar nature 
of the arrangements m%d6 for- protecting the 
apparatus from accidental excessive electrical 
strain. All that need be said about the first 
point is that any air gape must be appreciably 
greater than are required at ground level in 
order to prevent the })assage of a spark at 


1 altitude With regard to the second jKuiit, all 
j electrical ignition systems are jirotei ted by 
i arranging a jn'mianent sjiark-gap in parallel 
j with the plugs, so that an e\ci*ssive voltage, 

1 generabxi by the magnebi or eoil, such as 
; might ln' eauHod hy a broken hjiarking plug 
j or high-U'Usioti lead, is prevented by pnivuling 
an alteinative patli lor the curnuit lurt'ss this 
I spark-gap. It is cssenti. ’ i>f counn', that this 
' g.qi siiould be suflicientls great ti» prevent the 
pa.saagc of a sparl ox ept undi'r accidental 
j circumataiUH's such as mentioneil above. The 
dielectric ix'.sistjinco across the 8«ifcty ga]> 

S decreases at altitude owing to the retluction 
' in atmosphenc prcHsim*, but unfortunately 
; the irsistanee across the spaiking plug ]H)ints 
does not dt^ercaso to the same extent, altliough 
tlic compression prcs.surc is ])ropi)rti<»nally 
I dccreasiMl. Trouble is therefon ajjt to lie 
[ oxpencnci'd at altitude l»y spaikmg i'ccurriiig 
' across the safety gap m ])n'fcrcncc to the plug 
jioinis. The remedy is to construct the mag- 
; iicto or c(»il to withstaiul a higlun- \ ullage and 
to increase the ri'sistanci' of the sah'ly gap, or 
jireferably t«i use some form of safety gap which 
lias a constant dielectric rchistance. Research 
is being carrunl out on wifety gaps, but an 
entirely satisfactory method of maintaining a 
I constant resistance has not yet been found, 

I § (ti) Effect on ( ('ooi.ino.— 
Limitations of wi'ight and head ix'sistuncg 
necessitate the rcHliiction of wati-r radiators to 
the smallest possible dimensions Furany given 
indicateil air-speed (that is, true air-spet^ 
ilivifled by the squurt' root of the atm«aspherio 
ilensity) it is approximately true that the heat 
(lissipateil by a radiator is projiorlionnl to the 
mean tUfferenee of tmupcratiirc Isdween the 
radiat<ir and the surroumling air, and is more 
or less inilepimdent of the air liensity ; pro- 
i \ndt*<l that, os is normally the ease, the rise in 
tcmjH'rature of the air jiassing through the 
nwliator is small comparc<l with the mean 
j diffen-nce «)f temperature lietween the radiator 
' and the air.^ The heat disHijiateil also increases 
, with iiicreaiie of air-Hisu>d. but not proportion- 
I atcly. For a constant engine speed the heat 
rejected to the cylinder water-jackets decreases 
i as the power decreases, though not proportjon- 
. ally. Actual experience shows that in the 
case of acniplanes the maximum water tem- 
, perature is reac’hod when climbing at maximum 
rate of climb, and *)ccurs at a height of lietween 
I 4000 and.fi5(K) feet. The worst c*ondition 

* really occurs at sea-level, but owing to the con- 
siderable heat cajiacity of the water system the 

* maximum temperature is not roacheil until the 
' aeroplane has lieen flying for some little time, 
j A radiator which is satisfactory under the con* 
i^ditions above is generally satiisfaeifiry under 
j all other circumstances, including flying level 
1 at low altitudes at full speed. Owing to the 
^ low temperature of the atmosphere at Mgh altl- 

4 . 
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thori- n(» (lillicully >f‘ the wal^r | 

Muttiriently n.ol to avoei trout>l(> owiti^ to the 
h.vit-r hoiUtij' ('f water due to the dimmu- 

tioii m the attuoMphenc pie.sHiire. liideeil, it 
M ww-Jitiul that raih.itoi-H nhould i>e fitted ■ 
with MhutterM, or othet suitahle iiiranK^^nieiitri, 
m Older that th<* watei may he prevoiited 
from heeomiti)' too et.ld or even fiee/ing when | 
the eii^'iiU' M thioltle«l (iowii. 

'I'he remaikrt ahovt* apply aluo t«> ali'Hhiprt, 
exiept that the w'oist eoialition oeeurn when 
llyinv' low wit h only one or t wo enyjines wotkinj'. 

In aircooled en^ineH the aaine eonditnuiH 
apply, hut in thiM (.ise the hem'tit fiom tlx! 
lowiT tempeiatuie at altitiKh' in not ho 
marke<l, owin” to the mmh fti^lier tempma- 
(uie dllFereiif e lietvveeii the eooling siirfueea 
and the air. 

S (7) (iKNKiiAi. ( 'osn,( MioNs From a (on- 
Hideialion of the vjmiouh efh'Cts of altilmh* 
on th(' peifiumaiue of aiiei.ift i neiiu'H, it will 
he M4>en that the most irnpolt.int is th** de 
en'aMtj in power as the altitude is in« lea.si'd 
It i.H woitli notiiij' that this deere.ise in th(‘ 
ciiHi' of eomiiiei(l.d aeiopkuies is a poMtue 
udvaiitaue, owiiiK to the fai't that t he iimximuin 
[lower IS reipnred when leaMiiu the iroMind. 
When ll.viMf' heitthl Iuih iMen ohtaiiK'd oon- 
Hideralily less pow(-r i.s ie<imred, e\eii tliough 
< 

I 


th(‘ jwioplano be down level at a much higher 
H|M*ed. In this respect there is very little 
ilitferenee Iwtweeii aeroplanes of high and 
moderate perhutnanee. In the case of air* 
ships, the tliniiniition of power is a disadvan- 
tage, Hiiice the jiowei re([Uired is determined 
hv the flying level conditions. Diminution in 
[mwer oiiviously means inerea.seil weight of 
the |)ow«‘r |>lanl foi a given [lerfonnance, hut 
‘ this IS not really very seiious, as the weight 
of fuel IS mill'll inoi(‘ impoitant than that 
of the engines, owing to the long endurance 
leijuired in the e.ise of an ships 
I Speei.il plant foi le^ieaieh on tlie ettect of 
altitude conditions evisl.s .it the lloyal Air- 
(laft F.'^f afili.shment m Fnglund, at tlie Ihireau 
of Stand. lids, Washington, LhS.A , and on 
the {’ontinent. At the KA.F. an mitiiely 
new plant has fieen di ^lgned and it.s eonstiiie- 
fion IS now pi-o 1 le.illv coinplete Tills plant 
u ill fie eap.ifile of imitating almo.st .iny pos.sihlo 
eoiidilions (tf atmo.spheii' piissiiie and teiii* 
peiatiiie wlich e.in onni, and will peiinit of 
the l.ugest « ngines heiiig testi d imdel tho.so 
eoiidltions 

j I'Xrosnu To WnviMKa, edet t on textiles 
i Si'e “ Aeioplaiio Wings, loihiies for, ' § (11). 


Fin. Si'o ■' Aeroplaiii', Coiiiponont I’arts of 

FldCIlT, IMUNt'lFLFS OF 

In all lieavier-lhan an envft the nuu lime is 
Miist allied in the air fiy the exix'ss pii>Hsure.s on 
Die under side of its vungs as it is projH'lled 
tlinmeh the air. 

[ I'epii'si'nts a SMtimi of a wmg. As 
it move.s forwivnl if Ulceta air at rest at (’ 



and leaves it with a dowTiward momentum 
at K; the n>avilt of this is an upwani fon-e 
K aeting through tfij.' etMitn> of pn'ssiiix' of 
the wing. In the figure AB is the ehonl of 
the winf, and tlie angle a between AB and 


the diiei'tion of nlative luotaon is known as 
the an'.;le of attack 

Ijct K 111 ike an angle y with .v line at light 
.uiules to the diiei'tion rf motion W'e i .in 
lesolveit into t wo eoinponents, I) llie/>ra7 — 
and 1^ — till* Lift m ,ind at light angles to tins 
dins'tion lespi'ctiv ely, ,ind we havi' 

D K<o y, 

D Usin-,. 

If tfie machine is moving hon/ont.dly at 
iiiiilorm sjMHMl the lift L must just hal.-nice 
it.s weight, W. while the diag halanei's the 
pro|K‘ller thrust T. In tins e.-v-si' we have 
Keos-) 

\<Huy I) T. 

To a high di'gree of aiiuraey the lift and 
the drag an' fioth jimjiortK'ual to the an'a 
of the wmg S. the sijuan' of the veloi'ity of 
flight relttfivt' to tl e air \’, and the density of 
the air ' p. '1 hey also dej^ nd on the angle of 
attai'k. Thus we mav wnte 

D 

where k, and known n'spoetively ivs the lift 
ami drag eoettieienUs, thomselve.s de|H'nd on 
the angle a. 

‘ See •' Afreratt Mixlol FAi>erlmoats In Itofation to 
Full Scale” . also " Vln nift, IVrforinaiioe ef.” ^ (3). 
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It can be »h<iwn,' by resolving along a 
|)or[H*mlK iilar to the dii-eilion of motion, that 
if 7 lx* the least angle to the honxon at which 
the acrojiUne will glide to the ground with thi' 
engine shut off, then tan 7 ~ D/L, whore I) 
In«>asiire8 the total <lrag, acting opjKisite to the 
direction of motion, on the nniehino inehnlmg 
w'lngrt and iMidy, and L the lift which .u-ts at 
tight angh‘8 to the direction of motion. Sub- 
stituting the values of L and 1>, wo lind 

uav-t.,. 

K\|x'rimcuta m an air channel * on an aero- 
foil enable us to dotorminc the valiicH of the 
lift and drift for \aiious angles of iii<-ulen<-e, 
and \\(' olitain eiini's .such as that sh<»wn in 
f(f/. '2, in which the eoefhcieril /j and the 
ratio |'l<>tfed against the angle of 

att.u k. 

W’e rn.iy use siu h (’ur\<*s to diseiis.s the 



l iu. J 


Ix'haviour of the machine, Thu.s in Fi</. 
the curve .MU'I) represents the eurvo «)f lift 
of a certain aerofoil pl(»tb>d against Liu* <iiigle 
of attack for a s|ss*d of 41) miles jK*r hour. 

This H an e\|K'nniental curve. The other 
eur\<‘S n'jtreseiit llu* lift for various other 
s|x'e<l.s and aie found hy t-aking ortlinat<*ji in 
the ratio of the squares of the resjK'ctive sjx'seds. 
Thus the <nrve inark<*d fit) m.p.h. is obtained 
fioiii .\H('I) l)\ iiureiwing oa<'li ordinaUi in 
the latio (if (<>()'40)®, multiplying them, that 
is, by t)/4, and .so on. We an* thus able to 
find the load the wing can carry at a given 
ajK’i'd and given angle of attack, or, on the 
oth(‘r hand, knowing the loa<l the wing has 
to carry, we can find the reijmsite angle of 
attai'k (orn'spondmg to \anous sjx'ixis. Thus, 
if we assume the loa<l to be 2<K)0 Ifw., we 
note that on the diagram the 2(MX)-lh. lino 
touelu's the curve for 40 m.]).h. at D, and cuts 
those* f.ir higher s{xs*ils*at J),, D^, ek*. ; while 
the eur\-e for .'}.*) m p.h. d'K*s not n'aeh it. 

Thu.s the maehino could not lenve the 

* Met* n,T)rn(<)W’, AppliM ArnHli/ti^iniicjt, chap U 
p. 35, from uhii h the above figures are taken. 

• See *' Model Experiroents In Aeronautics." 


ground unle.ss its sjXH'd wa.s over 40 m.p.h. ; 
in this eajx*. n-ssuming siitluient engine jxiwer, 
the eiigle of ittaek for s[Hs*ds (T 40 in ji.h. 
Would Ixi 17 .1. At oO ill. p.h. it would Ixv 
rather leas than it', aiul so on. 

We eru jimeixd fomi this to find the h.]). 



I Inclination of Chord (Doijn’<'\) 

I KlU 3 

I 

' n*fium'd to diive the aircraft at \ aiions s|Ms*ds. 
I Fuj. 4 i.' a s«*iies of curves giving the relation 
' lx'lw(*eii the lesistaiue at various H|M'eds and 
the angle of atta< k, or angle of iiu ulenee on 
the wings. Of lhes<-. AIIODK <‘oin’Hponilmg 
to 40 m.p.h, IS ol)taine<l by dwi'i t w ind-channel 
e\periin(*nts ; the otlieis, a.s Ix'fore, are loiiiui 
by varying tiu* ordinates in the ratio ot the 
sipiari' of tlie Sjx'cd.s i; will Ixi noticed that 



1 the curves all show a minimum in the neigh- 
I IxmrhiKxl of one or two degrws and then rise 


sk^ply as the incidence is inertvafwd. 

We may u.sc these ki df*k*rTn iiu* the resistanix) 
t at various sjje«ds of tl^e af.*rf>j»lane of weight 
j 20(X) lbs. 

1 Thus at H) m.p.h. we find fnini F^. 3 tliat 
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th<* ariKift of Htta< k nMjuin'd for is 17^-5. 

An ortljnat 4 > t/o Fuj. 4 drawn at 17''*5 cuts the 
<4() in.p.h. iMjrv(( at K, and tiu' value of this 
ordinatc> is, wo soo from the lif^nni, fliK) lbs. 
I'luis tlio roHistanco to the winji; alono, moving 
at 40 rn.ji.li. and at the noctjssary angle of 
in( i<lon<c, is .KKI llw. 

For flight at fk) m.p.h. the incidence is about 
0" and I ho corrospondmg ordinate cute the 
50 m p.h. curve at K, iornm|Kmding to a re- 
sistance of l.'K) lbs. l*roc(W3ding in this way 
w«i get file curve KF,jF>a . . . which gives the 
resistance to the wing at various s|m>ki<1s. 

The n'sistaiK e, we have seen, is given by the 
expression whore dejHmds on the 

angle of attack and falls iw it w decreas<«l. 
As the speed rises the value of V® ini'n^ases. 


sufficient for the present. Thus at 60 ra.p.h, 
the body resistance is 113 lbs., and so on. 

Hence at 40 m.p.h. the total resistance is 
r>(K)-f 50, or 010 lbs. ; at 00 m.p.h. it is 97 + 113, 
or 210 lbs. 

Again, a sjKMsi of 1 m.p.h. is 1-47 ft, per 
sec., so the re8jx*ctive sjioeds are 

40 X 147 and 00 x 1-47 ft. per sec. 

Multiplying the resistances resiiectively by 
tbesc figures and dividing by 550, we find 
for th(! h.p. the values 05 and 34 rosixictivcly. 

d'hiiH to drive the plane at 00 m.]>.h. requires 
approximaUly half the jiowcr necessary to 
profsd it at 40 m.p.h. 

It must Ix^ remem licrtHl that those figures 


WluK S<'<'Uoii R A F a WlnR Section R A F 4 



K.A.P Omph^ of AfropUne U E I 
D H.F. 73 WeiglK 16&0 ilts. Surface 373 aq ft. 



but at first— ^starting fnnn 40 in p.h. - the 
docreasft in more than balanci's the increase 
in V’*, and the eurve of i‘esi«taiiee falls rapidly, 
n^atdiing a nunnnum at alnnit OO m.p.h. At 
higher spiMnlw the efTect of the iner«*a.se 
in s}XM'd is such that the resistant^c again 
rises. 

VVe may nw those n'snlte ito find the horse- 
power luxxh'd, for this is given hy multiplying 
the resistanee by the sjieetl ami assuming the 
resistance to lie ineasimMl in Ihs,, the sjieoil in 
feet })er socond-'Hlividing the result hy 55t). 
It must 1 k> rememlxTed, however, that the 
resi.stamH> must include that of Iho Ixidy, 
struts# engines, ote. ; the n^sulte obt-aincKl from 
Fig. 4 ajiply only to the w ings. Now we may 
take the n'sistance at 40 m.p.h. to he 
50 Ihs. and may assume that at other .sjieeds 
it varies appn> 3 |imately as the stpiaro of the 
spiHMl : while this is not strictly true, for the 
attitude of the maefiine will vary to some 
extent %'ith the 8i)ee<l, the aasumption is 


give the net horsi'-power ilelivcre<l to the air 
and do not alhcv for engine and airsen'w losses. 
To determine the brake horse-jsiwer at the 
engine we may aasume a profxdler effici^mi'y 
of r>0 [n't cent, 'rhna our Lp. figures require 
multiplying by KM)/60, and Ixx'oine 108 a«d 
57 n'SiHM'tively. 

In a somewhat similar manner curves can 
^ obtaineil giving th(' airsercw' thrust in 
tenns of revolutions — one of these will be 
experirnentel, the others deduwd from it on 
suitable assumptions as to the n«lation be- 
tween the thrust, the revolutions per minute, 
and the speetl.' For the«> reference should 
lie made to works dealing witli aertxlynamics. 
Tables can be prejxiretl and curves drawn 
showing the power required for climbing, the 
effect of mlditional weight on six^d, or the 
effect of height, of ho^se-}Knvcr and airscrew 
revolutions. 

Fig. 5 gives a numlx'r of curves which are 

* See Bairstow, Applied Aerodpnamiett chap. U. 
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•elf *ex{rfan«tory. They show for various speeds 
the horse-power availahlo and the horse-power 
required for various conditions of fl4;ht; they 
give also the glitling angle, the resistance of 
the planes, and the body resistance under the 
same conditions. 

Flight, Rkcttilinear Symmetuical : flight 
with no yaw or Iwink in eLwly motion, 
stability in. Sec “ Ain raft, The Stability 
of," § (12). 

Fluid Flow e.xfuiriment'i in a water channel. 
See “ Mo<lol kxporimonta in Aeronautics,” 
§ (2). 


FiwYing Boat Hvuur, •tnwigt-h tcate on. Seo 
“Aerr>plane Structures, Experiment*/’ §(16). 

FoKruD Osrii lation Mkthod or detkemix- 
iNo Hotabv Derivativks for Aircraft 
Models. Ne'e “ Model £x{x>rimontt) in 

Acroneutics,” § (8) (ni.). 

Fl’sei.aoe. St‘o ** Acro[)lanc, Comjwuent 

Parts of ” 

Strength tes’s on, ui» Icr down loads. 
See ” Ai^roplar ^ Structures, Experi- 
ments," § (12). 

I’rsKLAoK Framkwokks, general construction 
of. See " Aeroplane Structures, ’Theory/’ 
§( 2 ). 


( 

(lAi*. “ Aeroplane, Omiponcnt Parts of." 

(Jei.atink aw a pnmfing for balb>on fabrics. 
Sot) “ DilTusiori thrtiugh Mernbranc.s," § (l.‘») 
(in.). 

(ji.iDF.s apf*lic<l Ui a dot<'rmination of tlic 
lift and <lrag of an <aero(»lane. Sec ‘ Aero- 

' dynamic Kefs*arch, Full Scale,” § ( 12 ). 

(iMDiNo Angle. See. ” Flight, Principle.s of. ' 
Its tangent is equ il to tlio ratio of the 
Drag to the Lift. 

Gor.ri-flKVTKR’.s Skin ; a prejiaratioii from the 
inte.stiric’S of cattle, used for I'etidenutf fabrics 
ini{K)rmt‘able to ga.so.s. See “ DilTnsion 
through Membranes,” § (lo) (v.). 


r 

Dusts, efT«‘ct of. on aircraft stability. See 
“ .Am nift. The Stability of,” § (lo). 

(Jyro TruN 1 m> 1 ( \tou •. an instrument used 
on airc ndt d« |HMidmg upon the precession of 
a gyro wb«‘el to indicate deviation from a 
straight conrscc. ,Se«* ” Aircraft, Instru- 

menlH uwhI m,” t; (4 ) (il). 

tJYROHC'orir Methods of dbikhminino the 
Ancclau Klkvati(>n (ok Dki'HKhsion) of 
.Aikcmiaft. Sie "Aircraft, Instruments used 
in,” § (lb) (ni ). 

Rosroric'ALLY Controlled Rudder: an 
autcmiatic de\ icc- by means of uliicli an 
aeroplane is kc'pt on a given course. See 
" Aircraft, Instniincntw used in,” § (7). 


Il 


Haze I1okiZ(>s Method: a method c»f deter- 
mining the angular elc>vation (or dcpres.sion) 
of aircraft by regarding the top layer of 
atnu^sphcrio haze on the horizon. Siv 
" Aircraft, Instruments used in,” § (10) (i.). 

HELTCOl^ER, THE 

The pniblera of the helicopter, that is, of an 
aerial maA'hine siqiporteil in the air by the 
thrust of one or more airscrews rotating 
about the vertical, is not new and lias interested 
many experimenters. At present there are 
two distinct types of helicopter — firstly, the 
machine which has an “ aeroplane ’’ body 
with tail-plane, landing gear, etc., but with 
which, instead of wings, the sustaining force 
is obtained from airscrews rotating about the 
vertical ; and scc^mdljf, the machine which 
boars no resemblance whatever to an aero- 
pUme. Whilst many helicopters have been 
constructed, only a few have 8upiM»rted in 
the air their own weight, and not one has be«i 

you. y 


’ snc/'o«i.Hfiil mIh'ii jmlgcfl fn»rn the standpoint 
i of jirailical utildy. In addition to sustenta- 
[ tion, then’ m* other jirobleins — such as 
srirbilitv and i untrollability in the air, the 
j assurance of a wife flesoent after a complete 
J failure of the engine plant, and the attaining 
1 of a sufficiently high sfieed in the horizontal 
plane— which ncisl consideration if the heli- 
copter is to compare favourably with the 
nvxlem aeroplane. At present very little is 
; known about thewi lmf>ortant problems, so 
I that much experimental research will 1)0 
j needed before the helicopter (»in bo regarded 
as a commenjial proposition. Obviously, a 
helicopter possesses the advantage of being 
I able to asceml very rapidly from the ground 
j or to lanrl on a very small ground space so 
i that an extensive aeitxlromc, a necessity for 
I an aeroplane, is not needtxl. At the outset 
j we shall consider the simple pntblem of the 
I'sustentation of a helicopter novering in the 
• sir, that is, the preblem of an .ilrscrew designed 
I to rotate at a stationary point. The jiroblem 

W 



178 


iteLICOPTEB. THE 


1 

of Btalnliiy and controllability will not be 
con>»i(l<*rod. 

Tho UHiial method of pre.s<‘ntinK' the |)or- 
formanen of a hclicofitcr in in terinH of the 
al>Holuto coenifiontH ' T„ and I*,, where the 
thruMt T T,i>nHy*, tho toniuo Q | 

ami th(* fMiwcr nltMorl»cd I* lntho.se t 

exjifesHioiH the rhninity i>, the lotational 8p('ed i 
«, tho diam<‘t(T l), us well aa 'T, Q, and P are j 
ineaNured in any aystom <»f consistent iiiiita. 

With any helicopter, an inenMHo of tho ' 
al)HorlH>d power in accompanied with an 
ir»crea«<' of rotational sjKs«d, so that mneo 
I’/P (’r'/P,) > it btll.nvs that the thrust 

jM‘r horse- power deeieases With similar | 
hohcopti-rs iil)sor))iin' the same |)ow«‘r, P,, 1,, 
and are (-onstunts, thus (al))* varies 

inversely as so that by making' 1) suHieiently 
laryi- the thrust per unit power, which vaiios 
as (l//il>), may I'o im ieased without limit. 

A helicopter which is mer''lv sustaiiuuK a 
weight in the air is di.inu no usi'ful woik, 
so that the ordinaty dclmihon of tdlicK'uey 
is inadisjiiafe as a criti'iion of value. It is 
(h'siial'h', howevei, fioiu cMumdiuation of 
bhule sticn^th and the y*>ar Ksluctioii latio 
of the iMieme, that the diameter should l>e 
small ami the lotational speed larjre, so that 
tlu' Is'st helico[»t<'r foi a >iiven power would 
be the one whadi deve'ops the laryest thrust 
with the mininntm diameter and the larf'ost 
Rotational spet'd. 

From the previous exiire.ssions it can readily 
Ik> seen that 



whole P, . 11 . ( P /P, V‘ IS a constant for geometric- 
ally similai helieopteiN. It follows, then, 
that when eompaimg different helieopti'iN, 
the laruer tlie value of T,. . ll’./P. )“ the larger 
will Ih' the thrust which may Ik' dev('lo|H*«l 
with given values of the power and the 
iliameter, or the smaller the diameter to 
develop a given thiust from a given |H>wer. 
Further, since 

that is. T* /).T, 'll,, 

the larger the value of 'P, . (T. /IV)'**tho larger 
will Ir’i the thrust develojKal at given values 
of the jiower and nitational sjhhhI, or the 
larger will Ix' the rotational apeerl ni'cessary 
to develop a given thrust at a given power. | 
The factors T, ^iT/P,)* and T, . t r..'P,.l^ mnxv^; 
thoirfore be i-eganUxi as the enteria of the 
‘ For ail oxplanaflou t>t those terms see " .\trsorew, 

Ttio,” 5 


performance of a helicopter, since the greater 
the values of these factors tho smaller will be 
the diameter and the larger will lie the 
rotational hikssI necessary to develop a given 
thrust from a given power. This may 
fHThaiis lie made clearer from the data of 
the following table, in which a compan.son is 
made of the jierformances of two helicopters 
• A and ” H.” Kuch helieojitcr was designed 
to develop a thiust of iiotH) Ihs. when absorbing 
120 home-power at ground level (/i 0-0()237 

slugs per < uhic ft.). 



Helicopter 

A 

llellfopter 

Jt. 

1 M«vi.simMl value of 4’, 

n 040 

0 125 

Mrasurt-d value of 
! \\.[\\ 27rg,! 

1 

0-050 

\ dueof(T.d\) 

j :t 20 

2 50 

Value of T. .IT.'P. 1'^ 

- Oil 

0 78 

\uliie of T, l' 

4 20 

4 90 

V ahn' of nDlft./.see ] 

00 2 

1 47 1 

N'.iliie .>f 11 (i.|* in.) 

1 Ilf) S 

:i8 7 

Value of 1) (feet) 

lol 0 

73 0 

1 


It will he notiied that helicoptm* “ ii ” is 
mmdi Is'tter than helicoptci “ A." since it 
develops the same thrust piT unit jiower 
wPh a mimh ‘<mall< r diarmdi'r, 73 ft a« com- 
p.ncd with lOl ft . and at a slightly larger 
■ rotifion.ll speiMl. Attimt on is |)ai ticnlnrly 
diiectcd to thi' fact that the rciil cnteiia of 
I performance aie the two factors 'P, . (’P, /P, )* 

; and T, . ('P /P, which are both larger for 
helicopter '• B,” and not the factoi (T, 'P,) 
which has tlm larger vahii' foi the liehcopter 

-A” 

I Although very little experimental work has 
j Ik'cii made <»n hclii ojitcrs, thoix> is very goorl 
i le.ison to U'lieve that the iiest jKissible values 
of 'P,. . I'P./P, and T, . (T,/PJ* are ahmit 
0 HO an<l 4 t'") n'sjM'ctivelv, the eorresp(»ndmg 
values of (T./P,1. T,,amn», kdng 2 40, 0140, 
arvl 0 0oH.'"» n'spcotively. With such a heli- 
etipter the blade angle at the working ])art 
1 of the blade would lx* alxnit 8*^ or 9” with a 
two-Mader and about ItF or 11° with a four* 
ttlader, the diffen'nce of angle Ix'ing due to 
the larger inllow velocity in the ease of 
1 tho four-l)lader. At these blade angles the 
piteh-diameter ratio of the helieopti'r is about 
, 0.70. 

At the present time theit* is no thoroughly 
ndiahle theory of the helicopter, so that it is 
[ extrt'mely ditticult to estimate the magnitude 
and the distribution < f inflow velocity along 
the blade. 

Assuming the Fn^de conception to be 
dirt'Ctly applicable to the ea.se of a helicopter, it 
can b<‘ eivnly shown that T/P ^‘(ir . D* . g/2T). 
The assumptions of Fixiude are net, however, 
directly apjihoable to practice, so that it is 
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neocanary t<j introduce a factor K/ in the prcTioua 
expn*MHio[i, «ijch that T/l* K/^'(ir . I)*.py2T). 
This aljKolute cot'ftjcient K/ may Im* rc^urUtnl 
as a ciitf*ri«»n of |s'rfunnanco in that it is 
u nuinciKal measure of the extent t<» whieh 
the actual {K'l'foriiianeo appiojuhes that of 
tlie hehcoptei uoikiiig under ideal eoiuIitioiiK 
In fact, since T T, ./)ii*l)*aMd 1* 

It follows that K/ st2,ir so that 

(r . K/, J; i«t the same as the st-andard entenon 
<»f |x-ifonnancc, namely, T,. . (T,./l%)*. 

It may U* assumed, unless shoc-'k ah8c*rlH‘rB 
iif couMclcrahle si/c* an* mounted, that the 
spi'ed of devstent must 1«‘ kepi within 1<» ft 
jK‘r see., ho that the* safety of a helioipter 
duim^ a forecnl dc'seent with tiu' enjiine oil 
niH'ds consider ition 'riu*re would ap|HMi to 
Im‘ three nu'thods hy whieli m the ease of 
en^^me failuic lie* sjK'ed of vertical asecml 
m i\ Is- kf'pt mid*-t rontiol. 

(a) ri»-\'-ntmg ihc' h« li< optc i from rotntinj' 
and m'Imiiu' upon the '“parachute" etU-et of 
the htvhonaiv hladeH. 'I’lu- mctliod is onl\ 
c*lTe<t'\c when the- hlacles have a very laipc- 
aiea. 

(/^) 'I’o allow the lif'llC'opIcT to lotafe 
fii'cly as it "Windmill,’ when tlu' direetntii of 
rot.ition \c mild Is* opjsisite to that of the 
cln\e. Also, the hc-hcoptc'r will tlic-n rotate at 
the lotatioTial s{hmhI, w he li, < oiiiluneci with thc‘ 
fijieMj of d«‘H*.ent, makes the wuulnull torc^uc* 
epial and opposite to the fiictiomil tor<|Ue 
of tlic' engine, t t ( ipial to /c'lo if (lie c onnc-ction 
betwci-n l•ll;'Ule and In'licopli-r l»e luoken. 
In such a c ase the ic'sistariec of (he ‘ w mdmil! " 
issm.ill laiijely lueauseof the low aerodynamic 
cflicicnc V of a hhulc which is moviim in the- 
direction of its tr.iilinj4 ed^c, >'hi«}i nmuns if 
the condition of tlie <‘cjuilil»num of ((ucpie 
to Iw' satislied, that the coni|M»ncnt of tlie lift 
m the \eftteil (lire<'tion IS ."mall. 

{( ) tliinl ind best metlioil is to icttutc* 

the* hknlcH so MS to decrease the hlade an^le. 
Ho (li.it the* helico[)f«'r spins round as a w incimii! 
luit m the same dirc-ction as when developing 
a thrust. 'I’lic Is-st ariLrlc' rif the filade will 
probably Is- in the* nciuhboiirhoml etf about 
^ or r, the latter angle* l8*ing neoewary 
if the windmill is dragging imind the engine. 
It follows lliat in a d<*seent with uniform 
veleK'ity the wineimill n'sistanee is equal to 
the* weight, so that sm h a hehe-opter nhould 
Is* designed to have the thnist when hovering 
ispial to the* “ windmill ’ rc‘S'stance of a 
descent with a uniform vehecity. 

In ])ra< tice a holiceiptcT should he able to 
work mstreing head winds and als<» to advance 
in a horize^ntal plane. ^letheKls of heiri/emtal 
propulsion, frequently suggested, are cither to 
incline the vertical axis so as to get a com- 
pfinent of the thnist in the din’<‘tion of the 
horizontal or to u.se subsicliary airscrews rotat- 
ing about a horizontal axis. At present unr 


I knowledge of heliooptera derived from ex- 
|a*rimeiitA! iiixeatigation b small, ami much 
j itHiU’i-es to Ik* dune. X ¥ 

! 

: IIKLIUM, ns PHODUCTION AND DShlS 

5 (1) Intuouiction. Sluutly after the com- 
mencement of the war m 1914, it iMs-ame 
eMclrnt that n helium w«*re available m 
Hulhcient cpi.intitieh to iej>lace hydrogen in 
' nival and niilitary aiisiiijis tlie risk of loss 
, in life and ecpiqiment would la* very greatly 
lehm*nc'd. 

! The fact that helium is both non-inlhim- 
' mable, non-explosive, ami possetssos 92 per 
c'c iit of the lifting jiower of hydiogen, makes it 
a most huitable filling for aii-Hhiji envelojK's. 
lt\ the* use* of hc-lmm, the engine's of airsliipH 
can Im* jilaccd within the envelope* if desirt'd. 

I A liiither adcantngc p(»Hsc*sH«si by helium ov<‘r 
' h\cln)geii ih that the* buoyancy may Ihj in- 
I erc asisj oi doc rca.stsl at will by he ating and 
cooling tlie gJiH by electric or other means, 
which fact may possibly had to coiisider- 
j able modificatiMiis m the teclimqne of airship 
mana-iiiimg and miMgation, Morcsiyer, the 
, loss of gas fiom dillusioii (liiough the I'livelope 
IS h'ss with lielinm than with liydrogeri to the 
e.xtcnt of about 119 jm*i cent. 

It was known that there cxisb'd in Canada 
and in the I’nited Stabs of America largo 
siqipims of nalnial gas containing helium «n 
varying ainouiits, and Sir Knliaid 'J'hrelfall, 
K.U K , 111 191.) ]u-o|)OHcd to the* Doaid of 
In\< ntic»ns and Hc-.s* an ii of the British Admir- 
alty that it hliould take* stc>ps to develop 
.1 method of extnutmg this helium c)n an 
ludiistnal scale ITc'limimirv calc ulations made 
b\ him h-d to the* lH*licf that tlmre was sub- 
stantial gioimd for thinking that helium 
< c ould Ih* obtaim-d m huge c|uantitH*s from theso 
Houiccs at a ct>ht which would not be pro- 
hibitive* fcii i. ' use* III a<*roiiautii s. 

In the autumn of 191.) j'lofessoi Melx*nnun 
of the Cniyeisify of 4'oronlo was invited by 
, tin* Board of Inyciilions and Beseanh b> 
determine the helium eont«*nt of the supjihes 
of natural gas in Canada, and lalei on of those 
. within the Kmp:re, to eaiiy emt a WTies of 
experiments on a senii-commereial scale with 
the helium supplii's which were availahh*, 
; and also to work out all teehmeal details in 
, connection with the production of helium in 
quantity, os well as those relating to its 
repurificAtion. 

; §(2) SounrES and Bupply op Helium.— I n 

I commencing the investigation, a survey was 
made of all the natural gases available m 
larger or smaller quantities within the Kmpire, 
V and the natural ga8**a in 4>ntario and in 
‘ Allierta, Canada, were found to l>e the richest 
in helium. Although theae gases contained 
i but 0*33 per cent of helium, it was fcftnd that 
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th^y cotild supply in the aggregate from 
in ) t uhic feet ]>er year. 

$ (.'t) MKTinitI OF KXTRACTJNU JIkLIOM.— 
Several inetiiodH of extraeting the helium 
were inveHtigated, hut in the one wlueh proved 
aucecMMfid it was found that the helium eould 
1 k^ most H'iidily and (‘conomically extracted 
by producing the refrigeration necesHury to 
liijuefy all the gaaos excejit the helium by 
the cold obtainable from the natural gas 
itwif. 

The machine as finally d(«iignotl for the 


the liquefior in the standard machines, but it 
has only one of the returning gases flowing 
through it. 

.'1. An expansion engine S. This engine is 
«»f the standard tyiie used in the oxygen and 
nitnigen machines. 

4. A first vaporiser and pot U, T. This 
vaptuiser, Mith ]S)t for collecting liquid, is the 
same as on the standard nitrogen column. 

T). A W'cond vajairiser and pot W, V. 
This vaporistT, with the pot, is similar to the 
second vap<iriHer now used on the standard 



produethin of helium of apptxiximately f»7 jier 
cent purity is shown in diagram in Fig, 1. 
Tt cunfoniH on general lines to the atandanl 
oxygen-nitrogen machine of L’Air Liquide 
SooiMA It consists of : 

1. Two exchangers of tem|>oratim\ one of 
which, Q, is shown, the t«o lieing so arrangiMl 
that the How of gas through them can be 
revoriv'd, as is the pn^sent practice in the 
oxygen and nitrogen machines. The high- 
pressure gas is in the outer casing, and the 
return low-pressurt> givs in the small IuIh's ; 
the heads are tprovided with three eendions}^ 
so that the low temj>erature of the outgoing 
gases can be utilised. 

3. A 'liqne^er R, This is the same os 


nitrogen columns. Tt should l^ie abmt one- 
thinl the size of the first vaporiser U. 

G. A rectification column X. This column 
should stand a pressure of 10 atmospheres 
and have a collecting basin at the bottom. 
Us diameter should be about three-eighths of 
that of the vaporisers U or W. Its length 
should not exce<^ 2 feet. 

7. A vaporiser Y. The diameter of thill 
vaporiser is the same as that of the recti, 
fication column X. aid its length should not 
excei'd 2 feet. On this vaporiser a partial 
vacuum is maintaino<i. 

8. Two collecting liottlcs Z,, Z,. 

9. Two exchangers of temperatures, one 
of which, I., is shown. These are smilar to 
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0, and ahould be reveraible, but their capacity 

i« only 0 i>er cent of Q. 

10. A va[)on«er II. Thin va|)orii4er should 
be of the wiine size h« Y, and the high-presBun' 
Hide of It aliould stand a prcHsure of 50 
atmospheres. 

11. A roctitieation column lit. This column 
should stand a pressim^ of 50 atmospheres, 
and should be ab^ut half the diamet«?r of the 
column X and about 3 feet lonij. 

12. A vaporwer IV. I'hw should be 
aimilar to vap(»nHer If., but only half the 
diameter ; on thus vaporiaer a partial vacuum 
is maintaine<l. 

13. The Control valves are clehijrnatixi by 
letters fn>m A to X, fuurtt>cn in all. 

14. The outlets art; desij'naU'il by Pj, 
et<\. eleven in all. 

15. The gaui'i'S are de.suinated by the 
nuinlx‘rs in italics, thus /, ?, etc., eleven 
in all. 

1(>. 'I'he levels for shouinj^ the depth of 
licjuid uix* desij.:naled !>} J-.,, Lj,, et<-., seven in 
all. 

17. The method of connecting' up is shown 
in the ligure. The method of using the 
Column is as follows : 

(i.) The Fir^il furore s<i. -- (u) "J'lio ooinpiessexl 
gas enters the exchangers i) tlinmgh valve A, 
iiikI, after [uishing out of the exchanger at 
the top, some of it goes tliiongh the liquefier 
H, and the test of it thitiugli tlu- exfiaiiHion 
engine S t<t tiie liist pot T. In T the pressure 
IS alsnit 4 atn.os|)hen*s, and mo.st of the gas 
is hquetied m tlio condenser P. I’lu* un- 
eondens«al part passes through tlio v.ilvc ll 
into V, where more of it is lupielied in the 
condcmsei W. The still uneoiuU ns«Hl gas 
flows through valve I. to th<.‘ Isittom of the 
ri'etifKuition eolunin X ; it pusses up through 
the column, thioiigh the condenser Y, whoix 
more of it is hquetie<l, and the rest, wliieh now' 
contains alsmt 5 jkt cent of helium, passes 
through valve K, where the [iressure is nHluernl 
to nearly atmospheric, an<l it passes through 
the inner section of the exchanger bi a 
ga.someter. 

(6) The liquid that collects in the pots T 
and V is draincxi into the bottles Z, and Z,, 
which are made fairly long, and the bottom 
liralis «)f the levels are alxmt 0 inches frrim the 
bottom, so that it is jHtssible always to keep 
liquid in the lv)ttoni of the Ixittlcs and pix-vent 
any uneondenserl gas escaping. The liquids 
from the bottles Z, and Z, are passed through 
the valves 1) ami K respectively into the 
vajxmser If, ; in addition, the liquid from Z, 
can also be run into^the vaixirisor Y through 
valve F. The liquid in the vaporiser II. over- 
flows inb^ the vaporiser W, and it overflows 
from W into the first vaporiser U. Some ot 
the liquid in the vajioriaor IT. can lie {lossed 
through the valve into Y. Liquid that 


I’oniiensm in Y flf'wa down tiirough the 
rctdifleation trays in X, and is passed through 
the valve J into the vajxiruser W. 

{r) The gsw s fix>m the eva|X)rating liquids 
! in the vafhinstus 1' and \V |>ass tlirtx'tly back 
to the liqueiier P. and from the liqueticr b) 
the exehangv'r Q, a^ sliown in the diagronu 
, The gas evajsiriUxl in vaiMwiser 11. flows with 
the liquid down into v. ;M>rist‘r \V. The gas 
e\a|X}rating under ^an^Jn; in vaporiwr Y 
{Kissi'S out thmugb the exchangt*r Q to ths 
vacuum punqi. 

(ii.) The Second Proccjui. - (d) 'I'hc gas (*«tntaiu- 
ing helium <!iaw n olT in thi' lii>t process through 
the valve K is ns'ompicss(xl !«> 30 iilmosphcres, 
and pusses through the exchanger I. to the 
lop of the eiMuleiiHcr 11.; it flows down ihnmgh 
11., where part of it is liqiiclicd, ami the li({uid 
and gas ji.vss into the rct tilieali >n trays 111., 
b) the <'oiltx‘b)r at the liotbun, the gas piissing 
up through th<‘ eoliimn to the condenser IV\, 
where the rest of the nitrogiMi is eondimsed, 
ami the product, c<»nt.'iming about 1>7 [wr cent 
(*f helium, is drawn off thrcMigh the \alv«i M. 
'Tha vajioiism lY. is 8uppli(‘d with liquid 
through the val\e Z fn>m the eollixtor at the 
b<iltom of the rt\tif>iiig (olumii 111. Jt may 
aLu be supplied with ImjukI fi'>m ibc vaporiser 
Jl. thiough the valve N. 

§(4) ('osT OK I'jHUii riioN. -C'artdully pro- 
jiaixsl estimates show that , conunercial plant 
Miiitablo for tn'iiting the wliole of the gas 
supply of a large tu4<i sm h as that m Allierta, 
('anudu, wouhl piobaidy ‘osl not mom than 
£l.‘>(>,(Jrib. 'I’lie amount of helium of upwanls 
of 1)7 |KT cent jiurity obtainable per year 
from the field would lx; about lUj.iOOjOtX) 
<u)>ie ftx!t. Ah Uj the ojHTating costs, cx* 
jKTience luw shown that allowing for iiibTest 
on the investment, a ten years’ amoitisation, 
saUiies, Kuppla-H and ninning cliargia, helium 
can lx? proilucisl in the AllsTta field for 
consideral Iv has than £10 jicr lOtXj cubic 
fwt. Tins Mim doiiH not, of course, include 
the cost »»f pun basing cylmdera or of trans- 
jMirtmg them from and to the works, neither 
«l<xa it include any eorniiensation to the 
owners of the field for the supply of gas. 

§(5) Tmk rsEs OF Hklium.- The investiga- 
tion into the problem of jinxlucing helium in 
large quantities was originally undertaken 
with a view b) the utilisation of the gas in 
azTonautieal warfare. The investigation has 
shown that it nan Ixi produccxl at a cost which 
is not excessive, hut it has also Ixx'n showm that 
from the sources in the Empire which are 
known and have been examined, th# supply 
of hebum cannot lx; greater than alxmt 
j 12,000,000 cubic feet per year. This quantity 
j clearly would be sufficient bi keep only a very 
I few of our airships of tfle larger typo in 
commission, even if the gas were dilut^ to 
the extent of 1.5 per cent with^ hydrogen. 
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Thi« arno»mt would, howuver, suffice to keep 
a numlit'r of the umallor aircraft supplied. 
Moreover, it im.i'ht l>e iirtod to till fireproof 
compartmentH udjaeiuit to the engiues if it 
wi'ro ever (le(id<‘<l to iuHtiil these within the 
envelopoH of our larger nirshijiH. 

Hiiiee it has heeu deiiion.stiated that helium 
cun 1)0 prodiiei'd in ipiuntity, one in led natur- 
ally to eoiiHuler in what duei-tiouH one can 
hojK' to line the gas other than that ruiginally 
iut<*nded. In mdusliy it may be uwil as a 
tilling for theinnonic amplifying and owillating 
valvi'a. It may also tie used for tilling 
tungrtten ineandi'Mirnt filament lamps, eHpe< i- 
ally for signalling purpowH wIutc rapnl 
dimming ih an eHsential, and for producing 
giLM are lampM in which tungHten tmmmalH 
are lUM'd, as in the ‘romlolite” tyjie, .\s 
regards illiimmalion, hchiim aic lamps pos.se.sH 
an advantage over inctcuiy are lamp.s in that 
the radiation emitted has .stivmg mlen.sifieH 
in the red and yellow poition of the Hpcctium 

it has been shown by Nutting {EUtiruinn, 
Mareh ItHll) that (Icisslcr tubes tilhsl with 
helium aiv emiiu ntly suitabh', under (citain 
eondilions, foi light standards m sjH'ctio- 
photoinetry, but IIm' amount of the gas which 
could be used m this way is veiy Mimdl. 

In spis'trowi'ojiy, i'spi'einlly foi investigatioriH 
in the ultra-violet r('gion, helium is invaluable. 
Doubt h'SH its use in this held will be rapidly 
i),'ctend<'d. The use of tlu' gas m jihysical 
laboratoiies geni'iidly, and ('.specially whoie 
certain investigations on the properties of 
matter are earrusl out, will also be gixsitly 
increasisJ. 

It has nrently been proposisl to usi' helium 
in })lace of oil for surioiinding trsnsfoiineis 
and the switches and < ireuit-hieakeis of high- 
ti'iision eleetru) transmission lines. If the gas 
should prove suitahle for this pur|K>si', large 
quantities eould he utdised, hut it has yet to 
be demonstrated (ami it is not elear that it 
ean be) that in this held helium piusst'Hsea 
any ailvantage over the oils now used. 

It has lieen suggestisl by Klibu Thomson 
and others that if ilivers wert' siijiplied with 
a mixtnn' of oxygen and helium, the rate of 
expulsion of earhon dioxide fnun the lungs 
might Iw inert'Rsed, and the* period of .suh- 
mergence as a consequence k' considerably 
lengthened. 

Another diri'ction in which there is pronii«> 
that helium may fie used with advantage is m 
the synthetic production of such compounds 
as ammonia, nitric oxide, etc. If is known 
that the radiation from an are m helium is 
exct'odingly rich in the shorter liglit waves. 
If, therefore, mixtures of simple gases such as 
hyiirogen and nitrogen or nitrogen and oxygen 
are e.xposecl to fWs radiation, it i.s higf%- 
probable that a union of these gases can 
be economically effected. 


In the field of low temjieraturo research, 
however, it is juofiable that helium will 
immediately find its widest ajiplication. For 
this work lielium is unique m that, when 
liquefied and possibly soliildiod, it enables one 
t«j reach the lowest temperature attainable. 

J. (’. .MCL. 

IIOUSK-POW'KR Av.VII.AIU.E AMD IIOUHE-POWER 
Rr.ijimtEi) : relation shown by 

curves. Si-e Flight, Ihnuiples of.” 

IloilHE - row 1,H MCCKSSAHY TO TUorET^ AN 
Af.uoi*la\e at VAiaors Si’Eed.s, See 
“ Flight, ihuieiples of.” 

Humidity, elfeit on weight of faluies. See 
” AiTophuu' W’mg.s, Kahiies for,” § (.*1) (ii.). 
F.ITm t oil sln'iigth of faluu'^ See ihid. 
(b) (m ) and (71 

loii lueflKtdsof rneaHiiimg se(‘ ” Humidity, ’ 
\..l. HI. 


HVDFvODVN'A.MtCS IN ITS AFFLICA- 
'J’JONS TO AFUONAn'll'S 

§( 1 ) Avvi.ysisof Fi.i id Motion.- It is .shown 
III tiX'jitiHos on llydiodv mimics ' that if a, /•, m 
b»' the velocities at I lie point jy; i>f a fluid, 
a I ft, r ) r, tr t iv ul a neigh In )urmg point 
X ^ J=, )/ t y, c t 5 , thmi 


w lienee 


w hei'e 


. da, dii 

M , X I a 1 ;r. 

(Ik (!)/ il: 

U (IX I //»/ I ifz 1 >;S 

V hx t iff ' Jz ^ iz 

U' i/x 1 iff I CZ i Iff 7/r 


'.VI 


(1) 


. , (ibv <lv\ 


, nlit (lu\ 

-U 'dr)' 

* I ^ 

, fd>i dw\ 

Hrfc dx)' 

> 'C; ':)! 


(2) 


The first, three terms in each component 
repix'sent a velocity nonnal to the ellipsoid 

af^ 4 4 I cp I 2fyz ■\ 'Igzf -» Ufcff - 1 , 

while the last thnv represent rotation about 
the axes with angular vclooitie.s t, f resjieet- 
ivHy. ^ 

’ See Lamb, Hutho4)wnmir.<i, ^ Rl ; Stokes, '* On 
|Vithe Ttieortes of the Intenial Friction of Fluid in 
Motion," raw*. PAi/ Trtin* (]S4.'>)viii . Math nttH 
/‘Av!* /Vi/iers, 1. 80 The Kdltor Ih in(kbt<sl to Dr. 
Isimb lor i»ermlsslon to make use of same of the 
articles in his treatise. 
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In the ca«c of stream line ^ motion we have 
f/rf» d(f> d<l> 

'd)y 

dir d^<p dr 
dy dydz dz' 

anti the antfular veloeities £, ■>), i: all vaniHh. 

The(*<nutinn«nf motinti, emplovjj)^ lh<*.s/iiue 
notiition, may he written 


Thus 


./(■': 




Du 

du 

dll 

dn 

du .. 

I dp 


Dt 

dt ■ 

''dx ‘ 

"dy ‘ 

''\h ^ 

p dx 


Dv 

di 

dr 

di 

dv 

1 dp 


Dt 

di ‘ 

"dx ' 

V a i 

dy 


/' dy 

» CD 

Du* 

dm 

dm 
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, 1 dp 


Dt 

,U 

"dr, ' 

' dy ' 

’’-.h ' 

‘ pdz] 



t{ji d^iii 

dt ' dx 


d ! 

<h/ 


d^ iw 
dz 


(4) 


where X, V, Z <iie the cumixiiietiN <•( the 
extr.iiU'oiH f.itee't aetin^i per unit of mass. 
}i th(‘ pre^sui.', and p lh<' tleiiMl\. If the 
dtMisity H a eoimtant the h^t ('(juation Ixa-orru'S 

dx d'l ' ' 

For hI ream • liiK* motion, '-mee dudly rdv'.dr 
and du dz -du'dr, (he first of equations (It) 
may he v\ntt<‘n pultmj; 12 for the ptUenti.ii of 
I h ‘ im|)ress«><l force, ", 

d dp du di dm dil 1 dp 

dx dt d> dj dr dx /* dr' 

with two wimil.ii e(|ua(ion-< 

Multiply these hy dx, dy, dz res|V‘ctivt‘ly. 
and add; then the result e ui Ik* inti'^iuteil 
and leads to 

dp drf) 

P dt 

where 7 * is written (a® 4 r® j m*®), the square of 
the n‘sultiint velocity, and V(t) a function of t. 

S (2) Stkaoy Motion. — W hen the motion 
IS Htea<lv, that the veloeity at anv {Hunt is 
no lomier a funetion of the time hut dejK*iKl« 
only on tlie position of the {mint, vanishes 

and F(0 heeome.s a constant r, thus we arc led 
to the jiressurc equation 

P 

In the {iroblems with which we have to deal 
in AeriMlynamics it is [xisaihlo to treat the air 
aa of constant den.sity, so that the left-hand 
side liecomes p‘p, while jiravity is usually the 
only impressed force, and for il we may write 
f/:, wheiT* 2 is the heiRhi of the point oonsiderwl 
above some fixed plane. We thus obtain 


^ F(t). 


O) 


U J?‘ + r. 


(I) 


' + J7’ -t 72 = constant, 

‘ See " Stream-lino Motion," VoL I. 


(2) 


I § ( 3 ) (’iRruLATioN. - The value of the in- 
togral qdA, which is (*qunl to 

/ dx dy 
“d>' ‘ 'ds ‘ 

tiiken .dontr any hiu ,■ in the Iluid, is known os 
! the "flow ’* id the fluid. If the ends of the 
line coim ide -<• (hat the flow is taken round 
.1 I loKi'd cuivc, till ilow K oliies the circulation 
ouind the liicuit houtulcd by a. We may 
hud the ciicul.ition round <iny small cinuiit 
suitoundimr a jxuiit x. y, thus : 

If r < J, y 1 y, 2 - f Im* a point on the ciicuit, 
then 

1 

u lx t fdy ) u'dz },d{aJ~ 1 hy- \ tz- , -/yfl 
i [ ‘Itfzx i ' 2 fiJry) < i{y>!z 2 . ( 1 ) 

! 4 i](^{x Jdz) Kiddy ydx) I 

'I’hns, if w<* mt(*u:rate ihuihI tin* houndap\ of 
the small alea dS. wi* Imm* 

! I'lrc'ulation round dS Jildx ’ f ly ‘ t/’d: \ 

I ijlydz zdy) < ,)J{zd^ idz) ■. ( 2 ) 

l-yifdy -yds-) j 

\^ow, remem hei injjf that thi' {^osilue direction 
I of intcj'ration is from r to y, y to and 2 to x, 
w'c Hc<' that fydz and fzdy^urr each efjual to 
the j)roj«‘ction of d 8 on the pi. me .r 0 ; if 
> I, in, n Ik* the dirc<tioii cosmes of tin* normal 
to dS, eaeh of these projections isccjual to /dS ; 
thus the inrlit-hand sale of the aho\(> equation 
IS equal to 

lilt, ■ frrj ( ni-jdS 

The expression in the bracket is the ani'iilar 
\clocitv alsMit the normal ts) the clcincnl, and 
V. e amvo at the result that the circudai ton 
round any cicm<*ut is equal totwii'cthc prodm;t 
of the anpul.ir \(“lo<'il y about the nonnal to the 
element an*, the ar<*a of the elenu'nt. 

A^rain, we mav divide any 1111114 * surface, os 
m Fiy. 1 , by a doulile senes of lines crossinj; 
d, anil ajqily the alwive 
j theorem t 4 » ea< h of the 
eleinentarx^ an-as thus 
formed. If we„ mtejrrale 
the result over the whole 
; finite area the flow' on 
! cas'h side, common to two 
elements comes in twice 
with opposite simis and di.sapfiears from the 
, result, arid we are left only with the flows in 
those sides which form part f>f the, original 
I boundary. Thus w'c have the result 

i ^'"{Mdxr + I’rfy + ied 2 )“ 2 ^/^ + mi 7 -tnT)dS, 

Up sinffle integral firing faken round the 
I bountlarv and the rlouble integral over th« 
i surface of the area 8 . . 
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§ (4) Hatk ok Chanok ok thk (’ikoulation. 
- -'!’() obtain this we nMiuiro to find the value of 


(mix \ v(hj \ mlz), 

when' ])/r)< Htandn for tho complete differ- 
ential eoeflieii'Mt 

d d d d 
(U * ^^dx ' di/ ^ dz 


Now 


l> 

I)/ 


(h^x) 




Dar 

lu ■ 


I -f mj; + ni')dS. But ainoe the vortex lines 
Tlie in the surface, the angular velocity about 
a normal to the surface is everywhere zero. 


Thus 




11 nd 

Jludx 4- vdy 4- wdz) 0. 

Hence, 

denoting tho circulation round i 

circuit ABCA by I{AB('A), wo have 

l(ABCA 

) 1 l(AA') » I{A'C'B'A')4l(A'A)-0. 


DSxjlH is equal t«) the rate of incnnisc of ix 
and this is Su, while* the e<(uations of motion 
give us a value for I)m/ 1W in tho form 

Du .. I dp 

\H ^ p dx 

when' X is tho impo'SHi'd force parallel to the 
axis of x. 'riiUH we find 


\ vSy \ w5z) 


(Mi 1 uSu I v5i! } wdu>. 


Thus 
1) /■« 
Df. 


^ ( mix 4 rdy 4 tvdz ) « 


lienee if ii he singlt* valiaMl and A and B 
eoineide, the iiite/Jiation la'ing taken round a 
c4om«l curve, the value of tho right-hand side 
is zero, and we have 

{yj t vd// t uyl:) 0, . (2) 

or the circulation round any circuit mo\ing 
with the Huhl does not alter with the time 
lienee if at any time any |M>rtion of the tluid 
is moving irrotatioiuUly it will always rcMaiii 
this |>ro|H'rty, 

§ (5) V'oRTKX Bines and Ttuiks - A fine 
whose tangent always cvuneldes with the axis 
of rotation of an element of the tluid is known 
as a vortex line. If f r; i‘ Im' the eoiii|K»nenta 
of the angular velocity, the (spiation to the 
vorU'X lino through the point x, y, j is 


dr Hy dz 
i V i" 


! But l(AA') U(A'A)^0. 

, Thus 1{AB('A) -1(A'B'C'A'), . . (2) 

or the eircul.Uion nnmd any circuit emhracing 
a voit^’X IuIh* is the s.tmc. The circulation 
round any simill cncint embracing the tube ia, 
wc have s»'oii, (xjual to 2a?(r, whi're w is the re- 
sultant aiu^ular ve locity given hv (^‘ \ y® 4 
and a the small area of the tul^. Thus tho 
product of the cross section of a vortex tube 
and the aiieiil.vr velotity is a constant; this 
pnjdiict is called the st length of tho tuln*, and 
the cireiikiti(*n is twice the streivgth of the 
tube. Hems' a vortex hm* cannot Is'gin or end 
in a fluid ; it must form a closed curve or Ijo 
continued to the boundaries of the fluid. 

§ (()) 'I’O KIND TIIK V'kI.OC ITY OF THK FlUID 
DUK TO \ OIVKN DlSTRIlirriON ^ OK VoHTICKS. 
' We iM'at the lliiid as incompressible, and for 
our piesc'iit purposi* it will be sulliciont to 
aasnme - that the voiiici's are straight and of 
constant strength k, sav. We take tho axis 
of V lus p.vrallel to the vortices ; tho motion 
will « loarlv Ik' the same m all planes at right 
angles to this line, so that we shall have 
M, c, and u' inde|K'ndent of y. 

Siiu'o i* and ^ an' zen», 
dw dv 
dy dz 

du _dy _ 
dy di-^- 

Thus V is a constant, and since the motion ia 
to vanish at infinity this constant must be 
zero ; the motion is entirely in planes perjicn- 
I dicular to the axis of y. 

! Again we have the rsiuations 


Imagine that vortex lines are drawn through 
every point of the Ixiundary of a small ehKseil 
area in the fluid ; tho lines 
form a tubi' known as a vortex 
tulle, or more aimjilv os a 
vortex. Let ABC, A'B'C' ( Fiy. 

2) bo two circuits drawn on 
the surface of a vtirtex tube 
and embracing it, and let AA' 
l<> a line also drawn on the \ 
surface of the tulx', lild 
consider the circulation wund tho circuit 
ABCAAVB'A'A. It is equal to the value of < 


c'CpB' 

A 

FIQ, 2. 


and 


dn 

dz 


-2,7 


du (iw ^ 


( 1 ) 


The hvst equation is satisfied if we put 


dG* 
~ dz' 


( 2 ) 


' It U assumed that the aiumlar velocltiss all 
vanish beytmd some finite distance from tluj origin. 

• For a more tteneml discussion see Lamb, 
Hydrodifnamtct, § 145 . 
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and the liret equation becomea 
dKi 


Thus, rememlierinji that d^Gjdy^ - 0, we dcMj 
that G ia the potential ‘ of inatU'i- distribuUti 
tlmmghout apace with denaity rj/2r. 

Ilenco if dx'dy'dz' be an element of volume 
at a point where the angular velocity in 17 '. j 
r the distance l>etwoon this i>oint and the point 
X, y, z at which u and v are to be found, 


But 

and 


(jr« + 2 *)*:. 0 P = A, say. 


■iff 


^ dx'dy'dz* : 


(3) 



sin 4 > - 

Thereh're, wnting y f*>r y', 

* ’"'.%. . . . (S) 

-ir r“ 

and inte^ating this for >.110 e«)iuplote vorU'X, 

V * t ■ • <«> 


2ir ■ 

•^ — 00 


or, writing k for the constant strength of the 
vortex JJrf'dx'dy' , we find 

Consider now the case of a single linear 
vortex of strength k. 'rake the v<»itex line 
as the axis (tf y {Fig. 
:i), and let P ho a point 
in the jil.ine y -0 at 
which the velocities m, 
w are re(iuired. The 
m(ttion, as we have 
setm, is the same in 
all planes {K'rjHmduAi- 
lar to Oy. 

Jx-t dy bo nn ele- 
ment of llie vortex 
at Q, let denote' the 
angle (K,)P, and : 
the angle xOP, r, 0, 2 
(•-ordinaU's of P, and 0, y', 0 of Q. 

QP -r (x=fy'2 i 

Then the value of (» coiitnlnited by dy' ni i-' 

k dy' 

'Ztt' r ' 

while if we denote by 5 m, 5m' the components 
of the velocity due t<j this clement, 

dG k dy' dr 

_ ^ f 

~ ~r^~ r 

^ dG k dy' x 
5w — + -J - — —a~‘ TF J' 

dx 2r r* r 

Thus, if the resultant velocity be denoted 

J V = ^/(5u* + Iw') - 

» See •* Potential," VoL IL 


Again, wo have 

k dif h z 
“ "27r r/r 
k Kin <j> X 


5te-- - 




i' 

2 , A 1. ,7) 


Thus 


5u 

5m’ 


f 5\' sin 0 
- 5\' ci»s 0 j 


(H) 


for z/h sin V, xjh cos 0 

Thus the direction of V is at right angles to 
the plane OPQ and m the direction from 2 to x. 

A more complete analysis* shows that the 
expression found for \ applies to an clement 
d« of any voricx straight #>i ciirvi'd, and the 
elTeit of an clement of a curved voitex is 
given by 

( 9 ) 


... k sin</., 
o\ , , d« 


>K*ing the c 
Put 


In the case of a straight \ortcx we can 
readily evaluate the exjircssion for V, for wo 
have 


k 


sm «/i 


dy. 


But 


y ■ h cos and dy - /> cosoc* <fid4p, 
r h c<i8cc 0, 
therefore for an intimtely long vortex 


i- • 

If the vortex be of finiW length and 
be the values of <k at the ends, then we have 

J- 

2x4''^ 

§ (7) V 0 BTICK 8 AND Pressure Distribu- 
tion. Lift ON A Vortex Fhmment. — (V msider 
now a stream of fluid moving from left to right 
unifomi velocity V, andSmagine a straight 
vmtex of strength it to be pniduced in the 

* See Uiinb, Hydrodynarnkt, i }^. 
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O'- 


Fio. 4. 


fluid, th(5 of tho voitex liori/oiital 

and at ri^ht uaj'li'.s t^) tho dins'tiori of \\ 

wliili* the (liiof’liori of lotalion in ( lockwiMO.* 

Ijet <>, Fig. 4, tfio avw of tho vort^**, 

aiirl I* any [»oint at 
a distance r from (), 
The < fTo<t of the 
vorlox in 1o hii|mt- 
poHo on tiio vcloj'ity 
V a velonty v in a 
dirertion at ri^fil 
jin^'IcH to op, an<l 
jijiveii i>y tiio cx- 
pn'Haion klyrr. 'I’ho vdoi ily is 1iir rri>y 
i«U’rritM(Ml at points above O and dof-reamsl 
at ponds Ih Iow O. 

Aj^am, if 7 Ih' the rrsnltant vclonty, p tlic 
prt>Hsnrt\ and we nei^leet the elTei i of j'lavdv 
on th<> flow, W'e know tlial p i A/w/- is eonstant 
alonit any stre.nn lin«' ; but tins i(nantdy his 
the same value f<n all stieam lines at sorin' 
(list inei' in fioiit of th(« voKt thus d is eon 
slant thnnnjhont the liehl. 

Iiene(' the piessni’i' is Kslneed above the 
Vortex and iin ix'sned below it. 'I'herf' is 
ther('fore an upward fotee exi'rted on tin* 
vortex. ; it will exjK'rieriei' a lift We proeeid 
to find an exfnesHi<*n for this lift jht unit i»f 
lOfltttll of the vorb'X * 

§ (S) FollCICS (IN \ VoUTKX Fll VMKST.-— 
Itn.ij^ine the vorfl'x treat ml as of intinite 
Knj^th to Ih' pro(liie('<l by some body siir- 
Miindm^ its axis wliieli is held in a hon/.otdal 
position, and loiisidm- tin' veitical fore«‘s on 
the length I of a evlinder of Hind of ladiiis r 
mirnnindin;' the voitex, and tln> f hani:e in the 
moineidnin of the fluid traversine the evlinder 
will'll the motion has become sti'ady Then 
we know that 

Kate of ehaime of iijiwaid veitieal inomentuni 
r: ix'snltant iipw'ard pressure on surface of 
boiindinjj; I'vlinder 

-f resultant upward vertu'al pressure due to 
the body within the cylinder. 

Oonsidi'r a striji IrdO of the cylinder. Fitj. o, 
whoro 0 is the angle POr. rin' voloeity of 
the fluid normal to 
tliis strip is V cos th 
so -that the imwss 
dm of fluid enti'r- 
ing the atrip of 
the v'ylinder per 
unit of time is 
p\lr cos 6(itK 

Tlie increase lu 
vertical velocity is 
V eos d, and is positive in the downward 
direetii^n. 

Thus the rate of ineix'asc of the upward 

* See Pramltt, Roj^wt Mo. lilt. 

• This melhtnl of ealculat hill tin' liftlnw boon taken 
from a ixviH'r l>> Prandtt. translatol t'V tlio Natiiuial 
Advisory (i-Jiuiuittce of America lu Reixirt No. 110. 


momentum taken over the cylinder and 
denoted by J is 

~ J^r eos 6 dm . 

Thus .f - - plrVr I c<}H‘ 6d6] /j\ 

.'o j’ • \ / 

' TTpllVl' J 

'Pile [ires-suie at any point of the siiifiwce ia 
p, and 

/) /ifl t hiHj- 


But 


(V ^ 


sin 0)- f I “ eos- I), 

, tind a.HMiiming that r~ can he MOgleeted eom- 
, pan d with \ ■*, we havi* 

] 7- V - i 2V /' .s'li 0 , 

therefori' /» po p \ >' H 

Tin- upward voiIumvI eom])imeut of the force 
IS found l>y muHiplymg this b\ sm ti . and 
mfei'iatmg oV(>r tlu' area. "I'hus llu' iipwaid 
f<>re<> on the e\linder due to the piessuie 


P plr \ r jn\\\- thh * 

0 

Wfih \ r 




lienee the resultant upw’aid font' on tlu' 
iltiid due to thi' l)od\ within tlu' ovlindi'T 


i for 


.) i P 

2 A ' kl , 

k 


. (.‘D 


, This is the form' exert I'd hy tlu' hods on tlie 
I fluid. 

I llenei' tlu' foK’O on tlie liody arising from 
flic fluid IS a lift which is given j)or unit of 
, length hy the e\pres.sion 


' lAk . 



■ We can ex])res.s this force in terms of the 
lirculation K, for as vve have seen, § (o). the 
! I irt'iilatiou u twii'c the strength of the vortex,* 
i thus 

I K 2^^ 


i and honce 


Lift =pVK. 


I § (0) Lift on an Akkofoil. — I f we imagine 
the IhuIv within the cylinder of tluid to Ire an 
' aeroplane wing of infinite as|H'ct ratio with ita 
, length iMvndlcl to the vortex, the exprt'ssion 
1 just f(»und gives the lift on the wing, and the 
- theory of aeronauties d-,?\'elo|H*d at (lottingen 
T by Prandtl and his rolleagues assumes this to bo 

I * Sec “ Wing Surfaci's, Hydrodynamlcal Theory 
'■ of ’•§(!). 
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tho case, and develops hy suitable tranafonna- 
tiona a f»>rm of flow which, \»hen combined 
with the appropriate oitvuUition, leads to 
results in jcoocl agrcQnient with ex|>erienc'e. 

If, for example, the obstacle take the form 
of a lonj; circular cylin lor and we write r for 
X f ///. then it is knoan^ that the potential and 
st re on-line functions ‘l>j and 'J', are pivon by 
the ec| nation 

. . ( 1 ) 

Tn this case there will be no ciretilation and 
no force on tln^ cylinder, while the lines of flow 
arc as in Ftfj (i 


I and *l» and 4/ the potential and stn'ani lino 
j functions corres}Mmdinj» to the cijuation 

I ■!. + ;+ -/(^ ( ,» 

! in the a*// plane, <!> and aiv also stream line 
1 func'tion« for a flow m the jtq plane, which can 
j 1 h‘ d. rived fnmi that m the* ry jtlam*. For wo 
I may write 

I a- I I/; f ly), 

I thmvfore 

I* t - fix ) i//) 1 it])} ~V(p 1 t</). 

I I'hus 'I* .Old 4^ arc' potential and stieani lino 



To obt nil a lift we superpoHO on tins the 
flow mvi'ii I'v 

'1'2 ■ ^'^2 _ • (^) 


fmictiijas m the plane Startmi; fioin the 
How with Circulation lound a circnl.n cylinder, 
doiikowski has transformc'd this int') the jtq 
plane by nutans of the* foimiil.i* 

f i 

p t b/ y t ^ , 

where r r c »»/, and by a Mutable- choic'e of the 
constants which occur has obtained, amonn 
the* possible* fiuniH of How lines, one n'M'inblinit 
an ac*rofoil witb a \(*rv tbin trailinj' ediLtc, the* 
Jiow be*inir such that one* st ream lini* lca\f*s 
the aerofoil at the e'dire, as shown ill Fuj. t). 


'I'his, it can I'.iMly Imi shown, corrt'sponds to 
flow in coiicentnc cii'cli*s lound the < vlineh'i ' 




!W 

in Fuj. 

7, with a Mhicity 

1 




V 


wr, and 

tlio resultant flow 


Fio 0. 


/ N 

1*1 

ilS 111 

Fiq. H. 'I'hc* rest 

j 





1 po 

ints, 1 

r. the yiomts'c at 

§ (11) Diuci 

ON A 

W ISO. 

Jhjftaillif'fi of 


' wl 

uch tw 

o of tile stn\am- 

l/te T fie/ try - Ju 

Ibis 1 

■CSC tbc 

lift oil an iic'ro- 

lines mei* 

t thf' (\lindc*r at 

foil of llic' .b.iik 

owskl 

form, tin angl'd ho rh fo 


iiu 

rid angle 

"s, are e.i« h moved 

1 occ ufiy the* wbol 

Ic bre; 

lldtb of 

a wind tunnel,* 

Fm. 7. 

d.. 

w nw lid 

M, and by a suif- 

1 lets bc*cn found t' 

) figrc ( 

1 ' fairly i 

ntb till' formula. 


ablce choice of the circ'ulation 
the displacement may lie given any desired 
value*. 

^ (Kb .loi'KOWSKl's Til INSFOUMATION. — 
Again, if pq l>e the c>o- ordinates of a [loiut in a 



plane, the pq plane, whic^h are eonneeW with 
z and i/i the co-ordinates <if a point in the ry 
plane, by the eepiation 

p -r 17 -c^Jt 4 -iy), 


'I'ho drag on sue h an ae rofoil is theon tunllv 
zero; ill yirae-ticc a slight drag was obsc'rved 
for angles of attack, for which the form of the 
wing WJMC “ goeid,” i.c was that reipnred by 
the flow yiattern cjf theeiry. This drag must 
Im* due tci visf'cMH action lielweeti the fluid and 
the aerofoil. 

This indicaites one obvious criticism of the 
theory Tlie ecyulitictns used arte those of a 
non-viseous fluid. In such a fluid vortex 
motion, involving eimilatlon, cannot be* pro- 
duced by the pn*SHures or gravitational forces 
acting on its particles. There is no circulation 
in the fluid in front of the aerofoil ; in strict- 
ness there can lie none, therf*fort*, behind it. 

We are forced then, on the theor^, to 
assume that there is in the fluid a very slight 
amount of visoositv, which shows itself in 
the layer imnwyliately surrounding the aerofoil, 

* .See “ Wing Surfaces, Hydrndj*namlr»l Theory 
of,” I (2). 

’ See also “ Kxoertmrnfs on a Taperc-d Af-rofoll,” 
~ f .W , M 800. 


by A, Fagt and W. L. le Page, R. and } 


‘ See " Stream line Motion,” Vol. 1. 
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whero thf> vclor ify changes are very groat, 
and i.M Huniiinrit to Htu:! the circulation 
tlicrt', hut which rn-iy, in other rcnpccts, be 
nc^h-clcfi in forniiitg the cquatioim of motion ; 
thirt cHcuIiition, f.nrc wd up, ]HU-si8t« for a 
Mudidciit linic to give ri«c to the state of 
ruotion in the ucighhourhood of the at‘rofoi| 
on which tlic forces acting on it dojicnd. 

ii (12) WiNo OF Kinitk Ahi'Kct Katio. — The 
jirohlein dealt witli up to the pieseut is that 
of an aerofoil (»f inlinitn asjH'.et ratio, in winch, 
tln'rcfore, the motion is two-dimensional, being 
th<> same in every plane [)er[»endicular to the 
axis of the aerofoil, and the circulation is the 
same in <m( h of these sections. In an aetual 
wing of finite aspi'ct ratio the eiieuiation 
ceast'H at or a shoit distanee beyoiul the ends 
of the wings, ('hanging giadii.dly aeeording to 
Honn^ unknown law as we pas.s fiom the eentie 
to the (5ud of the w mg. If K Imi the value of 
tlie ciieiilatiori at a dist.iiiei' : fiom tlu' centre of 
the wing K + {<i\\ ‘>(h.)ih utadistamor t d:, then 
at the point z a vortex filament of sln'iigth 
(IK/tlz is givc'ii off hv tin' wing, .nid [>as.ses away 
/w n tniiliufi vnrto\ m the fluid. If thr value 
of K as a fiinefjon of z f>o fc/iown an expix^ssion 
can be found for the lift on the wing, and in 
certain cases llio inf(‘grals ohfdiitn'd can Is' 
«'va!uate<i. 'I’his has Ix'en done by Praiultl 
and Ins colleagues m the eivse when the curve 
re|)resen(ing the loading on tin' wing aa a 
function of z is a ([uadraiit of an ellipse, A 
further diseusshm of (ho prohiein will be found 
in another article,^ 

llYDKOdKN (lAS.MAKINti AND TDK 
DKTKll.MlN.VriDN OK ITN I’ldllTY 

Hyduikikn oeeurs in nature as a free gas, but 
in too small quantilu's for extraction. The 
main somce of supply is wati'f, and all eoinmer- 
eial [ii-oeesses obtain it from this source. The 
methods employiHl can be divided under the 
following headings ; 

(1) From water duvet ly. 

(2) From wats'r indirei tly. 

(3) Miscellaneous. 

§ ( 1 ) FiUiM W.iTKU 1 )IKKCTJ.Y. (i.) Rkctrolt/tir. 
— Distilled water, coiitaimng 10 20 per cent 
caustic soda or .1 10 }H'r cent sulphuric acid, 
is dcoom|H>8('d into hydrogen and oxygen 
by the iwssage of an elect rio currents 'Fhe 
main practi<'al diflieulty is to obtain efticient 
separation of the gases without increiMiing the 
intvfial rt'sistance of the cell unduly. Various 
methods are emploveil, such as porous as- 
bestos scrct'us (I.t).r., Oerliken, and lJurdett), 
iron w'iro gaur.e ((laniti), gla.ss louvres 
((’hurc'hill), separate compartments (Renaixi, 
Schoojie, and Jaubert). (Ses' “ Electrolysis, 

' See “ Wing Surfaces. Hydradynaraical Theory 

0t.‘* } (sr,. 


GAS-MAKING 


Technical Applications of,” VIH., VoL II.) 
The theoretical voltage required per cell » 
1*67. In practice this varies from 2-0 to 3*6. 
The volume of hydrogen produced per kw. 
varies from 4'5-7-0 cubic^j^feet per hour as 
compared with the theoretical figure of 9*52 
at 20^* C. The eflicicncy of the cell rises as 
the current density per unit area of the elec- 
trode is docrea8e<l ; it follows that the size 
of the cell increases with the efficiency. 
Thus the running cost is reduced at the 
expense of a higher initial outlay, the most 
profitable balance with a well-designed cell 
gives (5 7 cubic f(‘ct per kw.h. This method 
18 costly unless cheap electric power is avail- 
able, or unless a market can Iw found for the 
oxygen which is produced as a byc-product. 
'riie gas ]>roduccd is free from injurious 
impurities, containing only -3 per cent to 1-0 
per cent of oxygmi. 

(ii.) fiif the Oxidulion of Iron. — Hiis system 
is laig('ly used. Iron nt (iOO- 8(X)‘’ *(\ is 
oxidi.si'd by stcani, thus forming liydrogen. 
The oxid(' is reduced to iron by water gas, 
and the proivss repimted. The action is 

3Fe f IHjO -t 4 Ifj, 

Fe^O* t 2(’D I 211,- 3 Fe t 2('()j I 2II3O. 

The ir«*n u.si'd is calcined spathic ore. 
\Vat(‘r-gas is prodmod m tlx' ordinarv wuvy, 
si'nihlx'd to remoxo dii.sl, tar, etc., and passed 
through iron oxidi* jmriliors to remove 11,8. 
This is m'ccHsary to prevent fouling the ore. 
The reaction, 

2 (’0-C(), f (\ 

also caus<'s fouling by d(*po.siting carbon on 
the ore: proNision is made to admit air to 
burn olT the carbon when necessary. The 
reduct um pha.se takes twice as long as the 
oxidising pluis(‘ ; the plant is, tliendorc, 
divided into three units, so that one is on 
make while two are on rcHluce. The crude 
hydr<»gt'n is scrubl)cd and jmased through lime 
purifiers to renu've tnus's of ('(), and HyS. 
'Hie final product contjuns -2 t(‘ -3 jier cent CO 
and -3 to -4 ];H'r cent N,. There are two 
distinct tyix's of plant on this principle. In 
the Lane plant the ore is contained in cast-iron 
ret(»rts whii'h are heated externally by a 
]>roduoer furnnee, or by burning the spent gaa 
from the reduction phase ; the heating gases 
do not come into euntaot with the »»re. In 
the Measerarhmidt plant the ore is contained 
in an annular apace round a cylindrical heat- 
storage chamber, which is fillcxl with refractory 
material. The anient gas from one generator 
is burnt in another, heating the ore and storing 
up heat in the central chamlier ready for the 
re<luction and oxidising ])hase. Some diipRculty 
has Wn exjx'rienced in obtaining a satis- 
factory material for the liner, which separates 
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the centra! chamber from the annular space 
containing the ore. 

Bergius heats finely-dividea iron and water 
in a liquid state beyond its boiling-point in 
a closed vessel to about 300® C. He claims 
complete oxidation of all the iron present, with 
the evolution of hydrogen, which is given otf 
at 150 atmospheres and can be charged direct 
into bottles without compressors. 

§ (2) From Water Indirectly, (i.) Caia- 
hftic Process. — Water-gas is made in the usual 
way and puririe<l from Hj.S. It is then mixed 
with steam and passed through a chamber 
at lOO-fiOO® C. containing a catalyst, such as 
iron, nickel, cobalt, chromium, etc. The 
following action tjikcs place : 

CO + HaO-Hj + CO,. 

The reaction is exothermic, and the heat 
given off is Huflieient to maintain the wot king 
tempetature. The resuLtant hydrogen con- 
tains 1-3 }MT cent ('(), 1-4 per cent Nj, and 
about 30 per cent 

The latter is removcil by washing Mith 
water under pressure, the final trace by caustii - 
soda solution. The hy«lrogen obfaim'd is 
'theoretically e<pial to the volume of thewater- 
g;ia usisl ; in jirai’ticc alsmt HO per emit is 
olitained. The jicrccntuge of nitrogen m the 
final pioduct 18 slightly higher than that in 
the original water givs, ami render.s this method 
unsuiUiiile for aeronautical work. 

(ii.) Jjinde-Fratik-Paro. -Water-gas, purified 
from IIjS, is compressed to 20 atms. ami 
wn.shed with water under pre.ssure to remove 
the COj, the last trace being absorlHsl by 
caustic soda or lime. It is then c«)oled by un 
ammonia ndrigerating plant to -3.V’(’. to 
dry it. It then jiasses, still und<T jiressure, 
through a condenser cooled by liquid (3); 
this condenses most of the CO and N,. The 
gases and hijuid jmiss through a sopamtor 
and the gas is again coohxl to 2(t5^ (\ by 
liquid nitmgen boding under reduced (ircssurc. 
The resultant gas contains 1 •5-2-5 jior (cnt CO 
and -5 to 15 jier cent Nj. The CO is sufficient 
for producing the necessary [low'er for the 
compressors, pumps, etc. 

§ (3) Miscei.laneoit.s. (i.) Sth'col . — This 
process was largely used for war purposes. 
The ailicol used is raaile by heating silica in an 
electric furnace with coke to about 3000® C., 
the reaction being 

SiO,4 2C=Si-»-2CO. 

The resultant product is run off into a 
mould, C(U)led, and gn>ifnd to pass a SO-mesh 
sieve. It contain^ alKiut 90 per cent silicon, 
4 to 5 j)er cent each of iron and aluminium, 
with traces of calcium, arsenic, and phos- 
phorus. The silicol is fed slowly into the 
generating chamber, which contains a hot 
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35-40 per cent solution of caustic soda. The 
reaction is 

Si i 2NaOH + ) - Na^SiOj f 211^ 

This reaction is rxi. the rmic, ami no additional 
heat IS required. I.jiigo quaidiues of gas can 
be produced at short no ice by this method, ? 
and tlio plant is simple to construct. The 
high cost of the mate rials used makes it un- 
suitable for commerci.il u.se. The gas contains 
traces of arstme and jilK^sphine. 

(ii.) Oil i'rackiiKj.— (hi is sprayed into a 
j furnace or retort at a temperature of 15(K) to 
3(MKF(\, the hydro-carbon.s are split up, the 
carbon lieing dejxwitcd us lamp-black, which 
is a valuable by-product, 'fbe rc.sultant gas 
contains 2 to 3 per cent <'f CO and 2 to 3 iicr 
cent hydro-carbons, and 1 to 2 ]H*r cent 
nitrogen. Difbcnlty is experienced m linding 
m.'iternil foi the retoil.s whieli will stand tlie 
I high lemperaturcH. Coal-gas i-nn !)•> clacked 
I m a similar manner. 

1 (iii-) J)ccoiii]>osituni Ilf Acflylme,- Acetyli'iie 
I is compressed to 5 alniosjilieres and deeoin- 
' j)<).sed by an cliM-tric sjairk. 'J'lie eaibon is 
I dejioKiled as lamp-l)la<‘k. Coiiipiessing acety- 
lene was fiMiml to be dange/oiis. A bad 
explosion occurred in using this prmess at 
Friedni'hsliafen in 1910. 

(iv.) //yf/ro/d/i.— Cnlemm l^s'dnde is mode by 
pasHing eleeliolytie hydrogen into im‘tallic 
ealeiuin heatetl lo a high ieinja rature. This 
gives off hydrogen when mixed with water, 

Canj + 2H,0 - (’a(OH), + 211j. 

This proeoHS is only used for military pur- 
ptjses, owing to high cost. 

§ (4) Thu Determination oe I^’rity of 
T11I8 fiAS.— The only accurate method is by 
elminioal analysis. The gas is burnt or 
exploded with air or oxygen and the quantity 
' of hyilrogen laleiilaUal from the volumetric 
eontnution. The usual apparatus employwi 
m gasworks is unsatisfactory, owing to Iho 
high piTconiage of h^dtogen cornpaix'd with 
the other constituents. Henijs-fs apparatus 
' usually unden*stimates the hydrogen c-ontent 
; by 1-6 to 1-5 per cent ; Bone and Wheeler’s 
; apparatus gives ^reliable ri'sults, but is not 
handy to use. A sjxa ially designiMl apjiarutus 
in which 100 c.e. of the gas can la; burnt with 
a known volume of oxygen gives reliable 
! result* and is easier to use. Another methiwi 
! is to pass* 500 c.o. of the gas through a tube 
containing finely divided ropper oxule hmted 
to a red heat. The copper oxide is ix^iuced 
and the hydrogen is converted into w'ater. 

Several instruments an* raaile on the 
princij)!© of flraham’s law for the diffusion' 
of gases. The times arc ^ken for equal 
i volumes of the gas and air to escape through 

‘ * Sec “ IHffiiskm thmugb Memlwane«,'»| (2). 
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a umiUl hole. The clonHitica are inverwjly ! 
|»r(»iM)rti(>iuil to the nquarea r)f the times. 
The VVri^^lit motor conMiKtM of an invt'rted Wl | 
foiiUmiriK tf»e "»■ over a ; 

V 4 *HMel eonlaiiUM^^ glyeerinc and water. Tlie ! 

in falliiiK moveH a {Munter over a H4:ale, 
and the tinus for and air .*iro Ukeii 

Iw'twoen lw4> marks. In the S(tiil!in>' meter 
the is C’ontairii'd in a V4«rtieal ^lasH tula', 
and the time the wat^-r takes to pans two marka 
as it liw'N IS tak('n. TImho inHtnimentft only 
jrivr an aeeuraey of » 1 pf i cent. 

The ,ShakeH[»<',Hre ‘ Ihinty Meter deiMmils 
upon the lieat conductivity of the j'as varying 
with the iK’namtaoe <»f air mixc<l with it. A 
constant current fiom a 2-volt cell i.s paHHe4l 
throuj.;h two citiU of wiie; one cod is in a 
* ttec *' Dllfurtlon tlirom^ti Mi mbraat s,'* 1) (H) 


vc«J»el containing air, the other in a vesBel 
through which the gas to lie U*«ted is puinpwl. 
The cull in the gas 4 ools more rapidly than the 
one in air, altering it.s rcHistaiic*’, which is 
measured on a Wln atstone hridgo. The «a>( ilmg 
etli-ct of the gas \ aries with its jMiritv, and the 
1 galvanometer is gradualerl to read in jier- 
eentages <»f hydrogmi. w r. n. 


Ukfi,kkn< is 

tn'lnxtrml It, (’ llrcctiwiMHl, iJallliirc, 

Tim tall iV < o\ 

The IhntriHienntton of OiIk, (‘arli-tmi Kills, ( ecstabk. 
The Hlertniliimx of W'ltler lUOt, IlifliMfUs, Kaston, I’a, 
fl ifitroijen Mniiwil^ pin 1 ami L*, '1' A. Mem kton, 

I n M, statlem rv <>fli< c. 

I.imlc, *• Srparatlen of the Coiistltii- iits of Mixtures 
' of l*nMi-H Itv l.l«|Ui-fui hon." J Xfe ('him Jnd , 1!I14, 
p 711. llariilU. 

1 •IToilmlion of Mvtlrogeii bv tl>e Iron Cunlaet 
! McUkkI,” Chm. Trade J , KU?. 1\ ,'.17. 
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INKI.4MM \IUI.rTY oK 1 )oim:i) k'Aiutir. Sts-; 

“ .\<'ioplanc VVings, Tlu> Doping of,'’ § (7). 1 

Intkki' KUKNCK Knuoits applii'd to m.strii' ' 
imuits used in aircraft. See “ Aircraft, 
Justniincnits usi'd in," § (<>) (ii.). | 


Intkupkhomkti.R, for gases- an instniment 
for indicating the <ou( (-.it tation of a gas 
hy th<‘ n-fractiM- imU-N Soi- *' DilIu.sKtu 
through Memhrnne.s," § (7). 
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*JoY Stick. Si-o “Aeroplane, Component Dart.s of” ; also “Aircraft, Stability of," § (2) (\.). 
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Katu \uoMK'n;u : an instrument for indicating i m its thermal conductivity. Si.-© ” DdTui-ion 
tho concentration of a gas by the variations 1 through .Membranes," § (S). 


LaU ok CuKKl' I'hlKOK AS A’ ri.IKP TO Al.Tl- 1 
mkti;ks. vS»o Ait\ raft, Instrnmeiits ii.-ssl 
ill.” (il) III ) 

Lvtkkm, I'oMTuu. iO Aki;oi’|.am;s. Sot. 

" Aerodynamic Ue.st'arch, I’lill S» ale," (23). 

Lkaiunu bliHiK. Si-o " t\'’n>plane. Com* 

|Muient I'arts of.” 

Dipt; the eompoiumt I'f the huvo acting on 
an ain*raft arising from tin- rwsistancc of 
the air, whi< h acts in a dii-ection at right 
angles to that of the rolativi' nfition. 

lV^>rm illation of, on full-scale aoniplanes, 
S(s^ " .XorodNuiamic Research, Full Seale," 
§§ (10) and (12). 

Firr AND T)ra(i, CruvRs or. See “ Flight. 
Prineiphvs of.'' 

Lift am> Pm-iuNu Moment. St'c Model 
ExpenmeuU in Aeronautics,” § (7) (ii.), (iv.). 


l.irT, SpKKI), AM) AniM.K ok .\n’A< K, Cl UVIii> 
OK. See ” Flight, I’ruuiples of.'' 

Linkn as I'sKi) Ki*i{ AiinKM'T. Set' “Atu-o- 
plane Wings, Fahiies foi,” ifi} (1) and 
(12). 

Linskko Dll. iis a )>iooting for balloon fahries. 
S<s' “ Ditfitsion through Menihranc.s,” (lo) 

(m). 

Loads, ealeulation t)f, orx aero])lftne wings. 

I St*e “Aeroplane Struetim^s, F.xierinients,” 

1 § (4). 

1 Loxokrons. See “ Aeniplane, Component 
Parts of." ^ 

! f^oNOTTrnTNxr. Control of Aeroplanes: 
I effect of position t>f centn^ of pressure on 
i the Avings, tail plane chftra''tonsticH, and 
I shj) stream of the airserew, StNS ‘ Ai^n>- 
i djuiamie Researeh, Full Scale," § (22). 
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Memuranes, iStreti'iikd, ratios of pa«Haji« of 
various past's tlirou^h. Seo “ Diffuaion 
throut;h Membranes,” § (3). 


MODKL EXPKRIMKNTS IN AEHO- 
NArrU’S, THEIR THEORY AND 
METHODS 

I. Intuoduptory Remmiks 

'L'he use of niiidel o\[>eiiinonts as a miide to 
full -scale (lesi;^m was well establislied before 
the (lays of aeron.iuti< s, bein^ in extensive 
use in eoniHMtion with ship eonstriu tion, t*i 
mention a s|)(>i ilic i-ase It was soon realmeil 
that the only jiraetieable way to obtain 
detaihsl information < ()neeinine the Isdiax iour 
of the wmt'H ami othiT parts of an aeroplane 
was by tests upon models in a eurrmit of aii‘. 
In any ty|Mi of model ti'sts it is no' essary to 
deteiinine the 1 iw eonneetine ri\sults obtame<l 
upon the moih'l anti the corresponding full- 
Bi'ale liunres, and Hus <-an l»e ihme bv making 
use of the fact that the dimensions m imuss, 
lenelli, and time must Ih) the sariKMui Imth sides 
of any physical (spiation. For example, in 
the I'.Lsc of tests on slop models, the jiart of 
the resistvime due to w ave - m.iking cun be 
shown to be propoiiional to 



W’hore /» is the density <if the fluid (water in 
this ease), / is a lenuth (e 7 tlu‘ li'iiudh of tlie 
ship) d( (ininii the geornetrit scale of the 
systmii, r IS the forwanl sjieed, and <j is the 
act eleratiou diu' to giavit s. 

Th(> form of the fum tion /('*,/'/) < annot 
Ik) di'dueed from general eonsi<leratioris, .ind 
would onl^ betomo known if tlie complete 
liydrodMiiiime jirobkmi of (he motion of a 
body m a fluid eouhl be solved. Jiut it is 
evident that if tlie nioilel can Is* ttwted at a 
value of e*;/'/, wliieh is the same as that for 
the aetual ship, a direct prisliition of theHln[»’8 
rosistanee can K* made from the moflel test 
without a knowledge of the form of the aliovc 
funetiun, sin<e will l>e the same for 

l)oth model ami ship. The alsive function is 
inertdy a matheniatieal statement of Fronde’s 
law of eompari8(»n, I e. that the siieeds of 
nunlel ami ship must be prnjvirtional to the 
square roots of their lengths in <}rder that the 
comparison may l>e time. 

In the ease of iikkIcI H^ts in a wind tunnel 
the al>ove law <loos not hold, since there is no 
free surface of the Huld, and therefore no 
wave motion. Instead of g. Hie viscosity of 


I the fluid is Hie determining factor, and it is 
J convenient to use the quantily known as th«' 

1 kinemati'' visco.mty j , < the ordinal v \isioHity 
I coefliclent a di\ided by the density ^>. An 
' up[>licatt(>n of the theory of dimensions* 

I -ihows that the loite F u ling on any body 
j in a moving fluid, tl ere beiitg no fut^ suifai.'e 
waves, can bo expiesaeu by a relation of the 
form 

where the sxmbols lia%o the sanio meaning os 
m the ease gi\en bcfoi(>, with the addition 
of i«, the kinematic visi-osity. 

It Ls immi^lialrdy ol)\ions that to obtain 
' dynamical .similaiity m imxh'l tenets of this 
1 nature, it is nec-c^huiy to woik at the sumo 
value of rl for the model uml full-Niah' air- 
craft, and if Hi<‘ tests all^ made' in a wind 
tunnc‘1, so that r is Hit' sumo m l>oth e.ist^s, 
then vl must lie c-onslaut. d’his involves 
testing Hie model at n N|M*ed (freoirr than 
that of the a<tnal ain raff in Hue invc'rse 
; proportion of the scale s of mode*! and machine, 

] a piocc'CMling wlmh is manifesHv impracHc- 
I able, since such hiirli spcMMls^aie not oblain- 
j able', and cumi if lh(‘y wcuc', the* thc*ory, 
would bii'ak down owing H) the* efTeet of 
compiessibility lic e oilin g inipoiiant as the 
ajHisl of sound in an w.is approac hed. 'There 
reiiMins nothing to bo dom* but I 0 deteninno 
the variation of /■(</ ) n\ei as large a range 
I os ]M»ssible, and to rel\ on fulUsc-ale Ic'sis 
I for a eonfinii.Uioii of the nioilel prcslietions. 

' Fortun.vtely Hu* value of tie* above function 
i lieeomeH wnsibly eoiislaiit .it. Hie liigbei wind- 
[ tunnel sftec'dH foi most 1 \ [k-s of model, and fnll- 
s<alc‘ (<‘stH imlu ale* thal tiieie is liHle change 
of it.s \ahic* 111 Hu* uni*x])lored infc-rval Is^iween 
! mcKlci and full sc^ale : that is to say, Hie force 
generallv vane's \c‘iy marly as the scpiaie of 
! the wind H)Hed and ihe sijuarc' of tlici linear 
I cbmcmsions. 'The use* of model exiMTimcmts 
> in aeronautical wc>rk is thiTcfore less diics-t 
than in the eju»e eff ship thsagn, ami eonsider- 
j able juclgement is nc'c-essary in applying the 
j results t<i the full wale. 'The* vast accurnula- 
1 tion of data dunng the last ten years has, 
j however, plactsj the use of model tests on a 
j firm basis, *alt hough there are still eases {r.ij. 

airship resistance) where, from lac k of full 
! scale data, the interpretation of the rflcidel 
; results is still somewhat indefinite, 
i Most of the model data have been cditainofl 
\ in a wind tunnel, which is c*flHentially an 
apparatus for producing a rtniform steady 
current of air in which the model is held 

* bee “ liynamical Mmllarlty,’' Vol. ♦ 
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vKilfit obsorvaiiona upon it are taken. Usnally 
the model ia mounttwl on some 8i)ecial form 
of balance for mooHuromont of forces and 
raomcntH, \ind ia stationary, in ex|»rimenta 
on stability, however, it itmy l)o mounted so 
that it is fr(H) to omnllate about an axis, or 
about two axes at right angles. Bef()ro 
describing the wind tunnel and its use, some 
mention should l )0 made of two pieces of 
apparatus the jk'hirling aim and the water 
channel ^ both of which were extensively 
used in the early <lays of aeronautical model 
experitncmis at the N.P.L. (The apparatus 
and methods descnhed later are for the nucst 
part those in uso at the N. P. L., whoro the 
greater [)art of the pioncwr w<jrk in expori- j 
mental aeronautics was done.) 

II. Experimkntai. Apparatuh 

§ (1) Tuk WiuuMMct Aum. - 1'his upi)aratuR 
is now no longer in uh(\ hut is of fundamental 
importancai, since by its moans the standard 
pitot and static “prensu re tube wjva ealihrated, 
thus providing the standard of wind sjmhmI 
whicdi is a necessity in the use of the wind- 
tunnel. 'rho whirling arm at the N.P.L. 
consists of a verticial shaft carrying two 
diamotricjally opposite arms built up of light 
stool angle stiffened by means of wiring. 
The arms are each about 30 ft. in length, the 
'apparatus standing in a shed 80 ft. square. 
'J’he shaft carrying the arms is rotated by 
a U-h.p. motor, and SfHHjds up to about 
50 ft. per second at the end of the arm can 
bi’i (jbtained. The whirling arm was oxten- 
aively used for Ousting air-scrows in the early 
days of the aeronautical work at the N.P.L.,* 
but this work is now carried out in a 7 -ft. 
wind-t\mnel. The whiiling arm is the' only 
convenient moans by which an accurately 
known velocity relative to the air can bo 
produceil, and this fact rendered it an invalu- 
able piece of ap|mratu8 for the absolute 
■ calibration of a pressure anemometer which 
could afterwarils bo used as a standarti 
instrument for the ealibralion of wind speed 
in the wind-tunnels. The 'N.P.L. pitot and 
8tnti<’- pressure l\d)o was (Josignod, and cali- 
brated on the whirling arm,” and it was showm 
that a tul)e can l>e made which will give 
a pressure difference of witliin I |>er 

cent, and which can Iw duplicated, with 
reasonable care in manufacture, without fear 

errors cxooe<Vvng the above ftgrite. 

§ ^2) The Water Cuannei. for Experi- 
ments ON Fluid Flow. — U w'ns wion found 
desirable to visualise the tlow pant an obstacle 
in a fluid, so that qualitative ideas of the 
nature of tlow po\ild l>o readily obtained. For 

‘ 7?rf>ort for Am>f»av(icr, 

lOOtv-U). I. I.’’,, 10; aliio ibid,, lOlO-ll, il. 52. 

» 1012-18, Iv.p. 35 . 


this purpose a small water - channel was 
constructed, as is illustrated in Fig. 1. The 
channel iUwdf is 8 ft. long, 3 in. wide, and 6 in. 
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de<q), one on<l entering a large tank, and the 
other Ining provided with a V-notch for 
tegulaling the rale of flow' of the water. 
Whiter is a<lmittod to tlu' tank from the 
ordinary water mains, and sf)eods up to 
alM)ut 2 in. per second are <d)tainahle in the 
channel. It is, however, impossible to work 
8jriisfa('toriJy at spw'ds above the critical 
8|)(H>d for the channel, which is just over 1 in. 
per second. Small mothil.s arc ])laco(l in 
the channel, which is providcxl with glass 
sides over a length of ah(»ut 2 ft., and the 
tlow is rendered visible by the injection of 
coloured fluid, red ink Ix'ing suitable if the 
Ilow i.s to 1)0 visually ohservod, while a weak 
solution of Nixitlc’s milk was found to he 
oxeellent for j)Ju)tographic purposes. The 
channel in the neighlHmrh(»od t)f the model 
is illuininaled by two arc lamps provided 
with cylindrical lenses which concentrate the 
light in a narrow horizontal Invim. W'hen it 
is (losin^d to obtain a record of the velocity 
and direction of How at every {)oint of the 
fluid, a large numlier of small oil-drops are 
injected into the channel by means of a small 
water-jet impinging on the lower end of a fine 
vertical tube supplied with oil. The drops are 
introduced at a considerable distance from 
the model, so that tlie disturbance caused by 
the injection has diwl away lieforo the oil- 
drepe reach the model. After considerable 
tn>uhle a mixture w'as found which had the 
same density as w’ater, and wliich also gave 
dro|)e of such a redact ive index that light 
entering them horizontally was for the most 
part omitted vertically. Each drop, viewed 
from above, appears as a brilliant point of 
light, and by giving a short-lime exposure 
a photograph can be obtained in which each 
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drop traces a short line on the plate, whose 
direction shows the direction of flow at the 
point and whose length gives a measure of 
the velocity at that point. A photograph is 
reproduced (Ftff- 2) shomng the fluid motion 
behind a cylinder, in which both condensed 
milk and oil - droiis were used. It is im- 
mediately apparent that while the milk shows 
up the position and 8i7.e of the eddies clearly, 
it may give very misleading ideas of the 
direction of flow. Thus at A, in the photo- 
graph, one might imagine that the fluid was 
moving in the direction indicated by the 
filament of milk in that neighbourhood, but 
the dil-drfi}i8 show that the flow is almost 
perpendicular to this direction. In general 
it can be stated that a cloud of smoke or 
coloured fluid will show the presence of 



produced by the action of this air current 
upon miKlcls. 

(i.) The N,PJj. Tunnels . — It is interesting 
to note that the present successful type of 
wind tunnel in use at the M.P.L., which is 
described in detail in § (4) Ixdow, was itself 
the result of model exiierimonts. It was 
realised that the two main desiderata in wind- 
tunnel design tm- the provision of an air 
stream of unibum velooi.v over the greater 
part of the cross-section oi the tunnel, and in 
which the variations with time from the 
mean value of the velocity are small. To 
obtain an even - velocity distribution it is 
necessary to work near the intake of the 
tunnel, the tiistribution becoming in conse- 
quence of friction more and more nearly 
parabolic as the distance from the inlet 
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oildies, but it is necessary to introduce small 
particles v/lumo motion can l>o individually 
traced, if a knowledge of the direction of 
flow at various iwints in the fluid is to bo 
obtaineil. 

By means of the water channel, much 
information has been obtained as to the general 
nature of flow' liehind aerofoils. It has boon 
shown that the “ critical angle ’’ at which 
the lift reaches a maximum and the drag 
increases very rapidly corres|)onds with the 
angle at which eddying motion commences. 
By the use of a cinematograph camera it has 
bwn established that the eddying flow behind 
a cylinder is truly periodic, values of velofity 
and direction obtained from different photo- 
graphs (if the same phase being in remarkably 
good agreement. 

§ (3) The Wind Tunnel. Oenernl Dei^crip- 
iion . — By far the most, important piece of 
apparatus in aeronautical model experiments 
is the wind tunnel, which consists in essence 
of a tube in which a steady current of air can 
be maintained, and in which arrangements are 
made for measuring the foroes and momenta 


increases. F<jr a steady flow, it is necessary 
to use a fan of low pitch to produce the 
current, a high -pitch fan or any ty|)o of centri- 
fugal blower giving a very unsteady wind. 
The dcssign of tunnel which would beat satisfy 
those requirements was determined by experi- 
ments u^Kin a small model tunnel 6 in. 
square in cross-section, and placed inside a 
model room made up with cardboard on wood 
frames. The distribution of velocity across 
various sections was explored wdth a Pitot 
tube, and the steadiness of the wind was- 
measured by attochii^ a photographic record- 
ing gauge to the Pitot tube. By these means 
it was possible to determine the effect of 
modifications the design on the steadiness 
and distribution of the wind produced, and 
also to determine the minimum size of room 
in which a tunnel could 1 hi satisfactorily hsod. 
As a result of these exjienmcnts the 4 ft. No. 1 
tunnel was constructed, and provexJ jierfeetly 
satisfactory and in acc’ordance with what 
would be anticipated from the experiments 
on the 6 in. mtxlel. Measurements showed 
that the velocity over a 3 ft. sqgare of 
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the cr()tw- 80 (!tl(>n was everywhere within +1 prewmt time KX) ft. /sec. is altaiiiablo in 
per cent of the nicaii value, so that the wall the 7 ft. No. 3 and 120 ft./ sec. in the duplex 
diMturbance extended leas than 0 in. from the tunnel. 

wall. I'lie HteadiiK'Ms i«'Cords showed few The following ligure.s give details of those 

flucluateam exce«Mljrig I 2 per (^^nit of the tunnels: 

mean velocity, with consider- 
able intervals in which the 
lluctuationh were le.ss than i 1 
per cent. Since the datev of tliis 
4 ft. tunnel (llUl 12), a 3 ft. 
tunnid, anothiu' 4 ft., and throe 
7 ft. tunnels have Imioii built on 
substantially the same lines, and 
in every ease similar results as 
to distribution and stcMdiness 
have been obtaincil. In the 
latest 7 ft. tunnel the variation of velocity i (ii.) R.A.K. Tunnel. — .\t the Royal Air- 

over the centre Tj ft. .sejuare is within l j |K5r craft Rstablishnnuit a 7 ft. tunnel ha.s been 

cent of the mean spisxl. j built w Inch combines to .some extcMit the N.R.L. 

In addition to th(‘ wind tunnels just | ami Continental tv[M?s. 'I’lu' w oiling section 
enumeiatcMl, a huger tunnel of speiial design | of this tunnel is H([uare in section, and of 
has biMui installed, 'riiis tunnel has a Kst- ! simiUr dimen.sion.s to that of the N.l’.L. 7 ft. 
angular cross .section 14 ft. wide and 7 ft high, I tiinmds, but the shoit expansion cone is 
so tliat it admits the doubling of the scale of | rephussl by a long div^erging cone similar 
models such as aerofoils and complete aero- to that of tlie Continental tunnels. A hoiu'V* 
plain's, in which the wing span is the limiting conili wall across the room is used in place 
factor in a H(|uate - section tunnel. 'I’ho j of the usual ililTu.scr, as in the duplex tunnel. 
roctangiiUr tunnel divides into two sepaiate A wind speed of about 130 ft. /sec. is obtained 
expansion cones at the ba<'k honeyeoiub, and with an expeinlitiiie of 200 h ]>. 
an air screw wmrls in each <’one. It was found, (iii.) ('onUnentul Tnntich, Frunre. — On the 
as a result of t,«sts on a model tunnel, that in ('ontinent, wind-tunnel design has taken veiy 
order to secure ste.uliness iti ruiiniiig it was ditfeient hues I’he basic diHeience consists 
nceessary to gear the two air screws together, in the employment of a long diverging cone 
If this was not done, a violent oscillation was at the exit of tl'.o working pait of the tunnel, 
set Up, tlio wind lluctuating hetwemi the two in which the velocity of the air bills gradu.illy 
ail-screws. In the actual tuimel meehanieal as the fan or blower is a]>proachod, and the 
geaiing was iinsuit.ible and the two motors air is linally ilischaiged into the room at a 

have been synehroni.sed electrically, .\ novel much lower speed than in the X IMj. type, 

feature (»f tlio installation is the pntvision of | 'I'his results m a large saving of kinetic energy 
a hotieyconih wall huilt right across the loom wasted in the Issuing stream, and a consider- 
at the end of the straight Hwtion of the tunnel, ably higher wind speed in the tunnel can be 
This wall adds great Iv to the steadim'ss (d obtained for a given expenditure of power, 
the tunnel and allows the usual “ distributor ” In many tunnels of this type the inlet and 
behind the air screws to 1 mi much shortened j outlet comw are attached to a central chamber 
The “ Duplex” tunnel, .as it has Ix'on namoil, ! across which the an current travels without 

lias proved a complete suc(m's.s. The flow is I being eon lined by a .solid wall. This chamber 

stoailier tlian that in the 7 ft. No. 3, the dis- is made air-tight, as the pressure within it is 
triluition of velocity is veiy uniform, and roughly Ih'Iow' the atmosphene pressure, 
the wind direction at the working section is While there are at present no direct compara- 
nowhoro more than deglSn' fn)m the centre tive data, it is known that the distribution 
line of the tunnel. 'Phis tunnel will render and RteadineH.s in the above tyfio of tunnel 
possible research on the elTeet (d the air-screw are inferior to the corresponding eemditions 
slip-stream of an aeroplane, since it admits in the N.P.L. ty|)e, and the extra velocity 
a model largo enough to carry a 1 h.p. obtainable is dearly purchased at the exiiense 
electric motor. Mejvsurenients of forces and of aceuraey of measurement (d the forces 
stability derivatives will l>e made with an and moments produced by the action of the 
air-fferevv in place and running on the model wind upon models. 

aeroplane, thus reproducing completely the (iv.) ContnienUil J'unneh, (lermnnij. — An- 
oonditions of tliglit under power on the actual other Continental ty|K* is the so-called “ race- 
aircraft, course ” tunnel, in which the air makes a 

The originar 4 ft. tunnel gave wind speeils complete circuit and is never discharged 
up to 50, ft. /see. The later tunnels gradu- into the room. The greatest diflkulty ex- 
ally incroosod the speed range, and at the perienced in this type of tunnel is in obtaining 
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a uniform distribution of speed across the 
working section, which must of neci^ity be 
witliin distance of a few tunnel diameters 
from a right - angle bend if the dimen- 
sions of the wliolo apparatus are at all 
reasonable. Devices consisting of curved 
blades are employcil at the bends, and these 
blades are individually adjusted by lionding 
them until the desired distribution at the 
working sectum is attained. A further ilia- 
advantage of this type lies in the fact that the 
air m the tunnel has little chance of losing 
the heat imparted to it from the pro|>ellcr, 
and tlie tiunjK'rature in the tunnel soon rises 
to an undesirably high value at the higher 
wind sja^eds. 

fteeciit repitrts on the new tunnel at the 
Gottingen Ijaboratory indicate that many of 
the dilHculties of the “ racecourse” type have 
been overconu-. A .system of narrow blailes | 
at the right -angh' bend.s has Ikm'U devi.sed ■ 
which produces a n'gular stnaini at the working , 
section without tlu* individual adjustment of j 
the blades which was previously found neces- 
sary. 'flic sti'adincss and distribution of wind 
sjiecd in llu' Gottingen tunnel appear to bo ' 
very similar to the conditions obtaining in j 
the N.l’.D typt\ j 

The general trend of ('ontinental wind-tunnel j 
dt'sign !kus been to obtain increased speeds ; 
in a tunnel about the size of tlie X.P.L. 7 ft. i 
tunnels. It is more acUantageous in many j 
ways to increa.se tlic size of the tunnel rather | 
than the speed. At 80 ft. jicr second in a | 
7 ft. tunnel the forces due to the wind arc j 
airc.uly so kirgc that the question of distortion j 
of the model and its sujipo’ts is la'coming i 
serious. If the working value of e?/r is i 
tloiibled by doubling the speed, the forces are ! 
increased fouifold on a model of the same { 
size, and the distortions also multiplied by j 
four. If, however, the scale can be doubled ' 
instead of the speed, the same value of rljv ; 
is realised, luit the douhle-size model is strong i 
enough to prevent serious distortion. More- I 
over, the larger model enables details to i 
be represented with greater accuracy. The j 
N.P.L. Duplex 'runnel was built with this 
reasoning in vunv, in preference to a high- j 
speed tuniu'l with a 7 ft. square section. | 

§ (4) N.P.L. Type Wind Tunnel. DdaiU. ' 
— It is now pro])OH(‘d to give a more detaiietl 
description of the N.P.L. type of tunnel, and ! 
for this pnqujse the 7 ft. No. 2 tunnel will be i 
considered. A general arrangement drawing 
of this tunnel is given in Fig. 3. The tunnel : 
is housed in a room 100 ft. long, 40 ft. wide, I 
and 3.5 ft. high, and whi:^h is kept clear of any j 
large obstructions which might influence the j 
regularity of the air flow'. The tunnel is built ^ 
of wood and supported on steel framing i 
resting <}n concrete foundations. The 7 ft. j 
square section extends from the intake to a ' 


I distance of 45 ft., after whicli it is expanded to 
a circular section in which the air-screw works. 
The length of this exi>anding portion is 13 ft. 

I The air-screw is very similar in general 
I ap|>earanoo and blade shape to nn ordinary 
I fonr-bladed af*roplane nir-serew, but blade 
, angles a e neeessaiily diflerent owing to the 
j diflfenmt eoiuiith na of running. 'I’hc air- 
screw was designed on the aerofoil strij) theory, 
and when testiMl, was fouml to give the desired 
wind speed within 1 or 2 ft. per second. The 
iitotor driving the air-serew is of 120 h.p., 
400 v«>lls D.C., the line voltage being kept 
constant within about f ^ per cent by means of 
a Tirrill regulator. 

Behind the air-serew is the difluser or 
distributor, whose function is to cause the air 
to return to the room at low' velocity over a 
largo outlet area. The diffuser is 27 ft. long 
and 12 ft. square in section. It is formed of 
a large number of battens secured to suitable 
framing and having sjiaees between them. 
'These slots are num(*rous and wide near the 
air-screw end, and become jirogressivcly 
few'er and narrowci as the far end is aii- 
proached. The dimensions and distribution 
(»f the sh»t8 were obtaimal in the first instance 
from trials on the six-inch model tunnel 
pri'viously iiientiomai, and slight imjirovc- 
ments were elTected in tlie later tunnels by 
measuring the outllow velocity through tlu' 
dilTusor slots of theeailier tuniK ls, and adjust- 
ing the width and distribution so os to render 
the outflow velocity as nearly ((instaui as 
possible over the whole h'ngth of the difluser. 
'Pile intake (“ud of the tunnel is fitted with a 
curved mouthpiece to jirevent the formation 
of eddies which would occur at any sharji e«Jg<‘. 
'The curve of the intake is faired into the 
straight part of the tunnel so that the radius 
of curvature increases continuously. 'There 
are two ” honeycombs ” in the tunnel, one 
near the intake and the other immediately in 
front of the expanding section. 'I'hesc hotuy- 
combs were found t^o be essential if rotary 
motion of the air stream about the longi- 
tudinal axis of the tunnel was to lie prevented, 
and they also nuTease the steadiness of flow 
at the working section. The front honeycomb 
is the more important of the two in these 
respects. The honeycombs are built up of 
tinned plate, and have cells 3J in. square, 
the length in the direction of the air flow 
being 2 ft. They are made in two pieces, 
for convenience in erection ; the joint between 
the two pieces being horizontal and I ft. from 
the tunnel roof, so that the double thicRness 
of metal at the joint does not lie immediately 
in front of the miKlel. The w’orking section 
of the tunnel is 29 ft. from the intake, and the 
tunnel at this point is provided with trap 
doors in roof and floor, and a glazed door at 
one side for access. The motor and qjr-screw 
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are supported on a separate steel framework 
which nowhere touches the wot>dwork of the 
tunnel. This ensures tluit as little vibration 
as p)s8iblo is conimunioatetl to the tunnel 
stnioture, a consideration of much importance, 
ainc4) balances of various kinds are often 
mounted on the tunnel itself. The wind 
speed in the tunnel may l>e measured by 
moans of the Pitot and static pressure tube ^ 
used in conjunction with a sensitive pressure 
gauge such as the < 'luttnck Tilting Manometer,* 
but, in practice, it is inconvenient to have a 
Pitot and static tulH> always in p^mition in the 
channel. Kor the N.P.L. typo of channel a 
very simple ainl convenient method «if measur- 
ing the wind speed is alfnrded by the facts that 
the pi assure inside the channel when the wind 
is on IS less than the pressure in the buiKling 
containing the channel, and that this differ- 
enei* in jires-suie between insido and outside 
of the channel is proportional to pC*, as also is 
the (iilTerenoe of pre.ssiire betwt'en the two 
sides of a Pitot and static pressure tul30 placed 
in the tunnel. A hole in the side of the 
channel is, therefore, connected to one side 
of a presume gauge, the other side of which 
is open to the room. Headings taken on this 
gauge at tlie same time as rejul mgs taken on a 
gauge connei ted to a standard Pitot and static 
prciisure tul‘e sot up in the oliannel sujiply 
the connecting link n'quirod to convert the 
former readings to air speed, and when this 
calibration has been done, it is no longer 
necessary to have a Pitot and static tube in 
the cliannel foi thc.puip(»Ho of ineasurement 
of wind speod -iinless, of coui’se, it is required 
to measure the di.siribution of velocity around 
a model in position. The figures of the calibra- 
tion are worked out for a standard density 
corresponding to a standard barometric height 
of 7tK) mm, and a temperature of 15'’ C. The 
.me set of figures is always adhered to, even 
when the density is not standard, in which 
ca.se the wind speed is not truly the nominal 
speed. But adherence to the one set of 
cahbration figurt's, regardle-ss of barometric 
height and temperature, has an advantage in 
that it means working with a constant value 
of the quantity p V *, with which quantity vary 
both pressures and forces on models placed 
in the chan lel. 

The hole in the side of the tunnel is placed 
well up-stream of the working section, so that 
the suction in it is unaffected by the intro- 
duction of the models. Convenient elec- 
trical controls for regulation of the speed 
of the motor are placed on the platform 
under the tunnel, and it is possible to 
obtain any wind speed between 20 and 80 ft. 

' Rrpert of Aiii'iitory Committee for Aeronaut icn, 
Iv. ; see also “ Friction.” § (1 1), Vol, I. 35, 

• Report of Adrisory Committee for Aeronavtiee, 
1915-16, vli. : see aiso ” Presaure, Measurement of/' 

I (27), VoL 1. 37. 


per second, fine regulation being secured by a 
field resistance W'hich cAn lie placed in any 
convenient iwsition on the platform. 

Til. EyPEKIMENTAL METHODS 

Having descrilsKl the principal picc'c of 
apparatus which n used for motlel experi- 
ments in oeron lutics, i umely, the wind 
tunnel, it is now projH)seil bnefly to outline 
the various methods a Inch arc adopted in the 
iliiferent tyjxjs of exjKriments for which a 
wind tunnel is suited. 'I’licse typcji may 
broaxlly he ehissed as follows : 

(а) Measurement of wind velocity (ajHiod 
and direction) around models. 

(б) Measurement of the distribution of 
jircsaurc over modt'ls. 

(r) Measurement of forces and moments 
on models anti jiurt-s, 

{(1) Stability exiiorimcnts ; measurement of 
rotary derivatives, antieroiation, 

(c) Tests on nir-screws. 

§ (5 ) Meashkement ok Wind Vklocttv 
(Speed and Dirkotiov) around Modew.— 
When measuring the air Hjiml near a model it 
is sometimes nect'ssary to employ a eomhbusi 
Pitot and static tula* much smaller than the 
standard, or even to oinj)loy separait' Pitot and 
static tubes. Two reasons may make it 
advisable to adopt the laltei courst* : it some- 
times happens that the static jiressure near a 
model ehanges rapidly along the direction 
of tlow, th.it if a combined Pitot and static 
tube is used there is an error due to difference 
m static pressures at the mouth of the Pitot 
tube and at tlie static pressure holes. Again, 
with mmlels which are small and/or with 
measurements which are r(*quired to Ix^ taken 
very near to the model, it may not be jsissible 
to make the combined Pilot and static tulx' so 
small that it will not prodmo appreciable 
interference with the air flow round the 
nuxlel, with consequent error in results. One 
trouble which is often encountered in the use 
f>f either separate or combined I*itot and static 
jiressure tulx's is that the direction of the wind 
is not known with sufficient accuracy for 
setting Pitot and static tulies along it. 

The velocity and direction meter (descrilied 
below) could bo used in such a cose, but each 
observation of velocity is somewhat laborious 
with this instrument. If it is known roughly 
what the wind direction is, and if measure- 
ment of 8|X5od is all that is dcsinnl, the “ sphere 
suction meter ” or “ cylinder suction meter ” 
may be used. The principle of these instru- 
ments is that the suction at the back of a 
sphere or cylinder placixl with its axis across 
the wind current is a function of Ix)th the 
pressure and velocity of the wind, and is 
the same over a considerable range of angle 
of presentation to the wind. In tbc»case of 
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tho «|)lnTe Huctiori metor. calibniti.m (»f tho which is previously constructed by testing the 
ifwtruin.-nt w snirccly alTectod l>y an angular “ yawmetcr ” at various angles and wind 
deviation hetwcMui the axis and tho wind stieeds in tho free tunnel. In a later instni- 

diri'rtion (d alM>ut I 10^ and f»f about ^ 20“ ment it is possible to niljiist the angle of the 

in tbf e is4' (*f tli(( cylinder .suction meter. instrument in both honyontal and vertical 

(i ) 77/e [’florihj and Ihreclvm Meter . — This planes so that the pressiirc.H in all four tubes 

iiiHlnirnent, (;otnmordy callo<l a “ yawmeter,” are equal. Thi.s results in a great simplifica- 
is th.> only satisfactory devi/r so far dovis<'<l tion, since b/^th angles are obtained directly 
for nui|)|)ing the How round models in tho i by a null method, and only a single calibration 

wind tunnel. It dep/mds for its action on the i is neeessary to LOve the vUd sfiecd. The 

fact thrit when a I'itot tube is inelmed at an j lubes /no made of hvfiodermic tubing of /ibout 

angle hetwcuui to’ /ind ti.j ' to tin* v'ind <lirec- j I milhmotn* clianuder, so Ih/it tho instrument 

tioii, the ch/inge of pressure in tho tube f(»r ' is very small, compared wutli the model, and 

a small change of /ingle is gro/it. If two tubes i roeonls sensibly the vehtcity and direction at 

inclined at such an angle are u«‘d, the dilTor- | a point in space. 

ime<» of pressure between them j Although the acour/uiy i.s excellent, the 
will be zero when tho w'ind diree- i “ yawrmder " c/innot be consid/Tod a eoni- 
tion l/isects the /ingle Is'tween \ ph'tely satisfactory iustrunn'tit as regards 
them. Any deviation of wind j speed of (d)serv/ition of readings, especially in 
direction will iiicre/isc the pre.ssurc | eases where it r/'quiics to be niiidc of v/uy 
in one tube/ind deere/is<> it m the sin/ili tubing, thus Ciiusmg the pre.ssnre gauge 
otiu'r, and it is found that a used in conjunction with the instrument to be 
charigo of oven ’ at windAuniud | vciy heavily d/im|M‘d. There is tlu'refore a 

speeds jiroiluees a dilTcrenei' of ■ neeil for an instruinenl of small si/t' w Inch will 

pn'ssnro easily obs/uwahle with /i determine air speial and direction more r/ipidly 
tilting m/vnomeU'i’. It is obvious than h:i.s hitheito h/'/m [amsible. 
that if such a pair of tuls's is § (H) Mk v.suhicmknt ok Fiii.^sriiK Dis- 
mounted .so that it can be tot. vttsl TimufTioN.- 'riie geiKU'al method adojited in 
about an axis pt'rpendieul/ir to tho all measurements of pre.ssnre distiibutioii is 
plane of tho tul»e.s, it is easy to tho s/ime. 'The pressure at any point on the 
dc'tertnino the wind diteetion at surface of a model is fiviind b\ malving /i very 
any point by rotating tho tubos small bole in the model at that point and 

until tho iiiaiiometor imUeales 7,ero eonm*eting the hole through tubing to one side 

iX'/iduig. 'I'liis, of eourse, only of /i pressure gii’ige in such a w.i\ tluit the 
applies to tvvo-dimeii.sional How. tubing do(*s not interfere appreciably with tho 
The velocity and direction meter flow of air iii the v icinity of tho hole. Tho other 
vv/is de.signed to apply the above side of the giUige is goiUTally eonneeted to the 
principle to three - ilniien.sional hole in the .side of the channel, d'ho pressuros 

flow. Tho instrument is di'pieted : aetnally required in these meavSii remen t,s are 

in Fi(j.4. It consists of two pairs ' the pressures alawe or lielow tho pressure which 
of tnlu's, one pair m a hori/.ontal ohtiuii.s m the region of tho wind channel 
Fill. J. and the other in a vertic/d plane, j oeeupiod by tin model, wlum the model is 

The tulw'S are IxMit iinv/ird rather removed, and a simill eorreeti/m luis tlu'refore 



than outward at tho opim end, so that tho 
dii'iH'tion of How is moasureil practically at a 
point in space. A small hollow cone is fltted 
brdiind, where the four tidn's meet, and a fifth 
tulw enters this cone /vnd is open to tho interior j 
of tlio conical siiaco. The instrument is usually | 
iliountoil on the main balnnee, the model U'ing 
moved so that tho direi'tion meter occupies the 
position rehitive to tho model at which oliserva- 
tiona are required. Tho top part of tho 
bal/ineo is rotated until the pressure difTerenoo 
Indwoeu the horizontal ]Mur of tultes is zero, 
thus locating the vertical plane containing the 
wiiuf direction. The pressure dillerenre Ik*- 
twetni tho vertic/d pair of tubes is then ob.served, 
and also the ditferenoe between tho pressure 
at either hori/.onUl tulio and the suction in 
the hollow cone. Fnim these two readings 
the direction in a vertical plane and the 


to 1)0 m/ide for the dilb'rt'uce betwei'ii the 
static pivssun* as fuinid from tho hole in the 
.side and the static pn'.ssuio in tho emjity 
eh.umel at the legioii when* the modr'l is placeri. 
Tho tyjH> of pressure gauge which is used 
dojM'iids upon the magnitude of the pressures 
to be measured and on the accuracy desired. 
For most purposes, however, a Chattock tilting 
lURiiomoter is satisfactory. 

Models made for the ])iirj)i)se of “ pressure 
plotting ” may be either in wikkI or metal 
according to the class of model. In the ease 
of models made of w'ood — airship models, for 
instance — a good plan is to cut a groove along 
the line on which i^ is ilesired to obsi'rve 
pressures and place in it a piece of metal tubing 
so as to bo flush at the surface, the spaces at the 
sides Wing filled with w'ax. Holes are then 
boretl at intervals along the tube. A model 


velocity are found from a calibration chart, ’ such as /ui aerofoil, tailplane, or rudder would 
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bo made of metal, either brans (^r light alloy, 
but j)refenil)ly brass, and tubes would l>e let 
in and made u|) llusli with the Hurfjvcoy.by 
means of solder. For an aerofoil over which 
distribution of iiressuii' was dissiii'd for the 
whole surfuLe a s*Mies of parallel tulH« would 
Ix) let into tlu* under surface parallel with the 
dinx'tion of the sjian, and Imles bored into the 
tulxM from and lower sui faces at gi\en 

seetums along the sjian. All tin* holes wtiuld 
then be sto[)ped up and the model tested for 
leaks with a s|)e< ial U f'tbe, after which the 
holes at one st'clion of one suKate of the 
aerofoil would la* clean’d and observations of 
jirchsuiv taken for those lutles at all the desiied 
angles ot iiuideme. Aftei closing up these 
holes it is a wise piecaution to test for leaks 
again ln’tou' uncoi ling another set of hoh s. 

IMasluiiK' b<is been usi’d for stopping up the 
holes, but tlieie is a dinger with its u.se of 
the tulles be -onung choke<l up, and a better 
method of stopping is t*» usi' discs of thin 
jiaper, about a ipiarter of an inch in diameter, 
stuck ovi’f the holes with .scocutine dilutiNl 
W'ith about an cipial (piantity of w \ter, the 
discs aflciwaids being given a coating of this 
rnixtuK'. 

It IS important that Mic holes should be fre«‘ 
from any pioji'cling burr, as this is fouml 
to have a considerable effect on the pressure 
at a hoh'. lloli’s are generally made ahout 
0 02 in. m diamet'-r. 

One of tl’o most difiieult and imjioitant 
pieces of work m piessure distnluition has 
been eariieil out by Fage and Howard, who 
hav’o bet'll siKeesj-fiil in tiiuiing the distiibution 
of pressure oier the entire sniface of a modi'l 
air-serow’ likide. In this (mhc the aii-screw 
w'ns nnide of walnut, and tme steel tubing was 
let into the suifaee and made up flush with 
wax.' 

§ (7) Ml. VSl Kl’.MI'.NT OF FoHCFS AND Mo- 
MENTs ON MoDKT.S AM) FaiiTS — 'I'lle nica.sure- 
inents of foieea and moment.s on models and 
parts eompiise.s a very gieat jiurtion of the 
exiK'rimental work carried out in wind tunnelg, 
and sp'cml bakinees have been devised to 
meet the partieular needs of this class of work. 
Models under tests are sometimes mounted on 
the arm of a balance (the main balance), which 
is plaix’d underneath the wind tunnel and has 
a vertical arm projecting through the floor of 
the tunnel into the ehannel ; or they may lie 
8us|)ended by w ires from a balance (or balanc^ea) 

‘ A full (If'.crij)tion of the experiments and 
apiviratus iniiv bo toiind in the rejiort to the Aero- 
nautical Resoari'h (omnilttee (“An Experimental 
Investigation of the .Nature of the Air Flow around an 
Airscrew /’ by A. Fage and Jl. O. Howanl, R. and M. 
No. 565) The measuremoirt of distribution of press- 
ure over an airship nicxlcl has been clc'scribed t»y ' 
I’annell an<i fampboll In A C.A., R. and M No. 246, i 
and over the upi)er and lower wings of a biplane I 
by Irving^ Powell, and Miss .Jones in A.C.A., R. and 
M. No. 3:)5. See also “ Airships, Experiments on,” 
H (26), (27). 


! placrsl on the root of the tunnel. Various 
I spei'ial methods are adopted according to tlie 
I natuie of the tost, but they genenilly involve 
the nsi* of either main nr roof Iwilanees or 
iMVth. 

Tho use I't .1 roof balnm e and w iiv susjiensioii 
followed on the disc i\eiy of the very largo 
elTeet on the Ilow rociid a model wlmii even 
a eoinjihrativ. ly sninll supjiortmg spindio 
might liave. fleet gnisiim ibis fad, however, 

I time are still many e.i.sts m whieli the main 
b dance inu\ Ik? used, the model being either 
supptiitcd entirely b\ a spindle attaehed to 
; the model and to ttie veitieal arm of the 
balance, or partially Hujtpiutcd b\ tho main 
balaiue and paiti'illy bv wins m oilier siip- 
ptut. 

(i.) The Mam Aertnlynanm HaJaurr.- Until 
reient \eais the only balance u.setl was that 
])i{ieed beimatb the tunni’l. Mins baliinee was 
)lesigned so tli.it it could be used to measure 
forces about thiee uxi-s pel pondu ul.ir to one 
another and tin* inoiiwnt about a veitioiil 
axis. Auxiiiaiy ajiiairutuH, to be described 
lat<'r, enaf>led moments to l>c measured about 
two lionzonlul .ixes near tlii' model and at 
light angles to one aiiothir. A jibotogrnph of 
the balance is given in fvj. .M, and in Fitjj*, 6 
and 7 diagrams illustrating resiieetively tho 
airangi’iiients adojited for tlu’ measurement 
of: 

(u) Fore«‘ along and across wind (drag and 
cro.HH-wind) and moment ahiiut a M’lticul axis. 

ih) Vertical foiM' (lift). 

M'hc ha!anc«‘ consists essentially (d threo 
arms imituallv at tight, angh's and each 
coimterbukuici'd. The .ixcs of Hie three arms 
meet in a point at which a hardened steel 
centre is fixed, resting in a hardened steel 
eone carried by a supp(»iting easting. Tho 
I balance Ims then fore three degri'es of freedom, 
and measurements can be made directly of 
tlic moment.s al»out the ci>ntr(' lineH of tho 
three arms. M'lie. vertical arm ])ahses through 
the floor of the tunnel and normally (uriies 
the model at its iipja r extn'inity. M'he ujijier 
part of this arm can bi’ rotated about ita 
vertical axis with refcience to the rest of tho 
balance, the amount of rotation k’ing idiBCTved 
' by a eirele divided into degrees and sulidivided 
^ i'<i* ^y vernier. The remaining two anna 

; of the balance arc horizontal and resjiectively 
parallel and {lerjicndicular to the wind direc- 
tion in the tunnel, Tlie forces on the model 
are counteHialanced by weights hung on scale 
pans at the emls of these arms, fine weighing 
being secured by riders sliding along divided 
scales on the amis, 'f'lie couple alxiut the 
vertical axis is measured by means of a Isdl- 
crank lever carried on the supporting casting 
and connected with the cour,k*rbalance arm 
of the cross-wind beam by means of a hori- 
zontal strut and C-apring. It is theoretically 
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pfjwibie to make these three measurements at 
once, but in practice only drag and cn>M»- 
wlnd force aiv rneiiHured simultaneously, and 
while this is l»oing done the balance is pre- 
vented from rotating by means of a strut 
and C-spring placed l)etwccn the cross-wind 
eountorbalance arm and a fixed |)oint on the 
8upiM)rtmg easting. When moment about a 
vertical axis is meosurttd the balance is pre- 
venttMl from swinging by taking part of its 
weight on a spring-loaded point vertically 
under the main 



supporting isunt. 

The wnsitivity 
of the balance is 
adjusU'd by the 
addition of 
weights nciur the 
lower end of the 
vortical arm, 
while the rotat- 
ing upper portion 
of this arm is 
provided with 
four weights, 
adjustable hori- 
zontally, by 
means of which 
the centre (»f 
gravity of the 
rotating part 
^including the 
model) can bo 
adjiisU'd to lie 
on the axis of 
rotation. This 
is a great con- 
venience in prac- 
tice, since it 
eliminates any 
change of zero 
reading when the 
model is rotatwl 
» to different pre- 
sentations .with 
resjKHit to the 
wind ilirection. 

The lower end of 
the viutioal arm 

carries four vanes working in a large 
dashjKjt, which thus damp the swinging 
motions and also the rotation about the 
vertical axis. The foive acting in a vertical 
direction is determined hy weighing the whole 
balance. This is effecteil by the iiee of two 
subsidiary beams fonning a parallel motion 
(see rig. 7). The lo’wer of these beams rests 
on a fixed fulcrum and carries at one end a 
steel centre, which engages the point at the 
lower end of the v^ertical arm of the balance. 
The upper lioarii, resting on a fixed fulcrum 
vertically alwve that of the lower, engages 
with a point about an inch above the main 


I 
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balance point. The lower beam has a fixed 
counU?rbalance weight which balances the 
greater part of the load, while the upper beam 
carries a scale pan and rider for tlic actual 
weighing. Thest? two lx;ams are easily re- 
moved and are only in plat e when vertical 
force is being measured. In the earlier 
balances vertical force w’as measured on a 
single beam, ti) which the force was trans- 
mitted hy a vertical rod carrying the model 
and sliding inside the upper portion of the 
balance, which 
was then clamped 
in a fixed iKisi- 
tion. Small rollers 
allowed this slid- 
ing motion but 
prevented rota- 
tion. This plan 
was abandtined 
in later balances 
in favour of the 
scheme above de- 
scribed, as it was 
found that any 
considerable 
moment about 
the vertical axis 
introduced fric- 
tion at the rollers 
of such magni- 
tude that the 
desircil accuracy 
of vertical force 
m 0 a 8 u r 0 m 0 n t 
could not be 
obtained. 

With regard to 
the mechanical 
construction of 
the haliinre, the 
main portion 
carrying the 
weighing beams 
is a hollow gun- 
metal casting, 
into which is 
screwed a circ ular 
plate canning the 









main supporting point at its centre, and the 
up|ier point for the vertical force apparatus 
on a bridge piece. The rotating upper part 
of the vertical arm is also cast in gun -metal, 
and at its upper rnd, just below the tunnel 
floor, ends in a screwed portion to which can 
be fitted rods of varj'ing length, so that models , 
of varying size can conveniently be held at 
the centre of the tunnel. The two horizontal 
weighing beams are of steel, and below each 
is a similar fixed beam canning at its outer 
end a pair of stops to limit the swinging of 
the balance, and a cross-wire, by referenee to 
which the equilibrium position of the weighing 
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beam is observed by means of a small 
mirTt)r on the latter. The lower ex- 
tension of the vertical arm carr}dng 
the damping vanes and stabilising 
weights Ls formed of steel tube, into 
the lower end of which is screwed 
the |W)int used m yawing moment and 
vertical force measurements. The 
whole balance is supported on a 
heavy iron easting bolted to a C(jn- 
^ Crete foundation, thus securing rigidity 
and freedom from vibration. A clamp 
is provided by means of which the 
balance can l)e locked in its equilibrium 
|X)8itit»n when not in use or when 
mod(is arc Ining adjusted. The 
leseragcs from the main jaunt to the 
scale pans and centre of tunnel are 
not equal, and for convenience m use 
the weights are marked in such a 
way that any given weight 

will balance a force acting hori- . ^ 

zontally at the ciuitre of the ( [y' 

tunnel and equal to the marked 


value. Flow of air into the tunnel at 
the jxnnt where the balance enters is 
prevented by an oil seal (set* Fig. 7). 
The \ertical foive due to the differ- 
ence of pressure on the two sides of 
this seal must Ih) mcAsui'ed and 
allow eil for when the veitical force 
on a model is btung determined. 

Accuracy of construction is of 
great importanci In particular, the 
vertical arm of the balance must bt' 
within f,‘ntn oi u degree of the true 
vortical if the largest ln)n/.ontal force 
met with is not to produce a|)i)reci. 
able eri'ors in the momiMit about the 
vertical axis. This adjustment is 
easily secured in pr.'icticc hy altering 
the lower point until a large weight 
hung on either lx*am juoduccs no 
change in moment about this axis. 

The axis t>f the rotating ujijier 
I)ortioii of lh(‘ balance niu.st ho 
always in lino with that of the 
lower jioition 'I'his is best 



Kia.<k 


attained whiui the balance is under 
constnution hy fixing one jmrt rigidly 
t)n a convcDK'nt siijtjaui and lotat- 
ing the othei jmrt upon it, when the 
extreme point of the rotated j>art 
should remain at a fixed |)oirit in 
sjuiee during rotathm. The two main 
weighing Ix^anis must l»e at right 
angles within ,i,th of a degree, in 
order that in the measurement of lift 
and drag the latter may not lie in 
error hj' more than 1 jier rent by 
the introduction of a sine oonijioncnt 
of the former. In setting up 
the balance the drag beam 
must be parallel to the direc- 
tion of the wind within the 
same limits for the same 
reason. This is attained by 
testing an aerofoil for lift 
and drag by holding it in the balance 
cbjuck by a sjiindle screwed first into 
one end of the aerofoil and then 
into the other. If the two tets of 
readings agree, it follows that the 
line fnim which angles were measured, 
and also the drag beam, are parallel 
to the wind direction. If the two 
sets do not agree the observed differ- 
ences of drag enable the angle between 
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the (lraj< heaie find tie* wind direetion tt) 1 h‘ 
(;alculate<l,‘ 

(ii.) Mtfdcln Miifij/ottKl hy a Spinille on the 
Main Jidlarire.— It is •'encnilly the con- 



there is considenihle interference with the air 
flow^ round the model, while at the same 
time the resistance of the part of the spindle 
whieh is exposed to the wind heeomes ]) 08 sil)ly 
as huge jw the resistance of the model itself, 
lloth resistance and mtei-ference of spmdle are 
often dillicult qiiantities to measuie accurately 
and conveniently. The measurement of lift 
and diag (»f an aero[)lane hody, for e\ain])le, 
is not a ca.se in which dillu ult\ is likely to 
arise owing to either spmdlo ri'sistance or ^ 
interfeu-nee. Aeropl.mc hoilies ate usually not 
very g(»od aeiotlvnamic shapes, and the re- 
sistance of the spindle, and intciferenee wdth 
the model, as nell 
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venient method of test, if it may be adopted, 
to mount the model iliieetly on *the main 
balanco by means of a .spindle. Difticiilty 
arisoiTin certain eases wdiere it is not possible 
to obtain the necessary strength and rigidity 
of sujiport without the dimensions and form 
of the supporting spindle Ix’coming such that 

* F(»r full details of these methods of aliirninent 
see It ami M, No. iW, Report of .idnsory VommUteefor 
deroMrtMhe.?, IDlii-lll, iv. 51>. 


a.s tlu' interfeKMice 
of the model with 
the spindle, nie 
nsii.'illy E|Uitesmall 
compaied witli Iht* 
reMiHl.ince of the 
body In siuh a 
cas(‘ it i.s usuallv 
sutlKuntly aiiu- 
lale, in I'oriei ting 
the results for 
spindle, Himplv to 
leiiioM' the body 
fiom the spindle 
and meastiK' the 
resi.stanee of thi' 
spindle alotie. In 
the case of an 
aeiofoil, how(‘\(‘r, I'lO s 

which may he 

testial for litt ami diag hy la'ing mounted on 
end on a spmdUg the usistance of the sjimdle 
may amount to as much as ahout .'"dl pel cent 
of the minimum diag of the aeiofoil, and there 
m.i\ he eoiisiderahli' Intel feience hetween aero- 
foil, spindle, and guaid. If the length of 
spindle exposed is icduced, int('ifcreiu<‘ of 
guard on aerofoil lua-onu's excc'ssuig so that 
there is no way out of the dilliculty here. 
Wh(‘n comparative results only are reipiiiial a 
certain amount of spindle resistance and inter- 
h'rcnee is often not ohjectioiiahle, hut when 
aUsolute results are rtapiired a very caixdul 
determination of both resistance and inter- 
ference has to b(' made for such a ca.se aa 
an aerofoil. A methml of doing this, which 
has bt'en successfully applied to an aerofoil, is 
to attach to the model a second spindle 
exactly similar to Ihe tirst, duplication of the 
guard also Is'ing made in the manner shown 
by Fig. 8. Tlie method takes aocouiit of all 
mutual inlerfcnmces, the only assumption 
made being that di.sturjxuico of How caused hy 
si»indle and guard does not extend beyond the 
middle of the aerofoil As the distances of 
the two spindles from the point of the luilanco 
are not the same, an approximation as to the 
position of the line of action of the resultant 
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spindle resistance has U) l)e made. A deter- 
mination of spindle resistance and inteiference 
by a differoni metliod has, however, made it 
clear that the approximation may be made so 
ns to give mi appreeiable error. The method 
referred to consisted of supjKiiting the model 
with its span horizontal, and taking readings 
of drag and moment uhout a vertical axis with 
and without a “ tluinmy ’ spindle and gnanl 
in position at one end of the aerofoil. In this 
way the distance of the line of action of 
resultant s[)indle resistance and interference is 
df'termmed. 

In ineuHuring the resistance of bodies whose 
shajK) is ap])roximately so-called “ stream -line,” 
the “ dummy spindle met hod described almve 
very often hic.iks down completely, owing to 
the extensive interfereiico winch a spindle may 


«ion IB used, in conjunction with the existing 
aeriKlynamic balance, for drag ineasuicment 
on fitrenm-Iine Kidics such as aimhip fornia. 
It was found that though a sjundle jilaced 
near the centre of length of an airship may 
introduce inteifeivnci* errors comparable m 
inagnituoe with the diag to be determined, 
yet a thin stream line spindle placial an inch 
or 80 hehiiu' the tad of I'e model produced 
no appreciable iiitcrfcienc* elTect. The model 
was accorihngly snjoK'rted on one or, niori' 
gdierally. two wires ])laccd near its centre of 
gravity, ami a small steel spiki* or “sting” 
was lixed iii the tail of the modi‘ 1 . projecting 
alxmt an inch. This spiki' pn-sscil against the 
npjier end of a small stream line s])in(lle held 
111 the chuck of the mam halance, and wius 
held in contact with thl^ sjiindle hy a light 



jirnduco in the How around the model ; bo 
that it hot omes imj)os>,ible to a<ld a “ dummy ” 
spindle and guard which will have the same 
effect .as the suppoiiing spindle and guard; 
added to which is tin* fact that the Bjiindle 
resistance is a large proportion of the total 
resistance. The simplest way out of the diffi- 
culty in such a case is to support the model 
by means of a wire or wires from the roof of 
the chann'-l. 

(lii.) Huppnrted on W ne^ : for Measure- 

ment of Drag only . — This method was probably 
first used by Prandtl of Gottingen, who sup- 
ported stream -line bodies in tlio wind tunnel 
by means of four wires, and transmitteil the 
drag by means of an inclined wire passing 
through the side of the wind tunnel to a balance 
outside. The method has also Ijeen employed 
in other laboratories, the drag being some- 
times deterraineil by observing the displace- 
ment of the model as a pendulum under the 
wind forces. At the N.P.L. the wire suapen- 


sprmg (see Fig. fi). 'Phe su[)[)oiting wire nr 
wires Ijcing .arranged to lie in a viu-lical plane 
fK*rpondicuIai fo the wind diiecti<»n, the model 
IS freii only to move a small dislanco hoH- 
Zfuitally, this distance being limited by the 
stops on the balance. In effect, the suKjxmd- 
ing wires and the roar sjiindlo burn a parallel 
motion for small, disiilaceincnts, so that the 
only force which can be tr.ansmitted to tlie 
balance is the drag. The fact that the mode) 
swings as a [lendulum renders the moving 
system very stable, so that the onlinary 
method of ohservmg the halance is not suffi- 
ciently sensitive. It is almost imjiossihlo to 
reiluco the stability of the balance suflicij^mtly 
hy adding weights al>ovo the point on which 
it rocks, and this method has the disadvantage 
of increasiog load on the point and so giving 
rise to greater errors due t<^ fri^dion. Another 
method of reducing the stability was to [ilace 
a strut with isunuid ends betw'een the vertical 
lower part of the balance and the supporting 
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oftsUiiK, Hrifl t.. put thm Htrut m romprewiion 
by u I'xul liiuij' on tbo “lift” Iwuin. Tho 
Htability r<.ul<l Ik< nsducixl to ’^ero by quite a 
jiK.dernte weijjht on the lift Ixiaiii, but a con* 
Bub'ialile aitiount of fiiction wiw intnuluml at 
the pointrt of the Htrut, which moved through 
a couHiih'rable angle for a small ino'mmont of 
the balance, 'Phc method is eminently suitablo 
wfien meaHUfing a fairly high drag, sm-h as 
that of an ai'nqilaiie lx.dy, but does not make 
the balance suibcicntly sensitive for the accu- 
rate ineaHurernent (»f the drag of a good 
stream line shajie. Kor this latter purpose the 
liest device was found in the use of a micro- 
Scojwi to ob.seive the eipiilibnum p<»sition of 
the “drag” Isiam of the balance. It was 
ratlu'r Hurpnsing to liml that oven with a 
magnilication of 1(H) diametsus no stickiness 
due to friction could hi' debs ted if tlie balance 
[loint was in good cimdition, in sfiite of the 
fact that the load upon it was of the order 
of 80 pounds. The method has be<>n in con- 
tinuous use, and has biam foiiml com[)letely 
satisfactory, the extra aci’uracy of olnervatioil 
am|)ly com|H'nsating the inconvenience of rea<l- 
ing by means ot a microsc(»pe. It is, of course, 
necessary to determine the drag of the sup- 
jiorting wires and re.ir spindh'. 'I’he latter is 
easily fouml by sufiporting the tad of the 
model liy three luie wires so that the “ sting ” 
is just clear of tne spindle, and observing the 
drag of th(' latter on the balance. The ilrag 
of the wiles may be found by introducing 
two extra wires syniinetiK'ally placed Udwixm 
the model and the floor of the tunnel, and 
observing the increase in drag <lue to tluur 
addition. Alternati\cly, a third sujiporting 
W'ire may be placed between the two main 
wires, and the ilrag measuriHl lirst with the 
three wiit>s in position and then w'ltli the outer 
}Nur reiut^ved and the modi*! supported sohdy 
by the middle vertical wire. Tlie method 
sutTers from the disadvantage that the model 
is lial'le to sw ing sideways when supjMjrted on 
only one wire, cs}iecially at high wind ajiccds. 

A further important coriX'Ction to the drag 
is ixmdereil necessary by the fact that the 
static pressure along the centre line of the 
wind tunnel is not constant. The drag is 
incix'ased by tlie quantity y^x/A, whore p is 
the statie pressure and A the eross-sectional 
ami of the model at any {xiint, integration 
being taken «)ver the whole length of the model. 
The variation of p is obtained dinnAly by the 
use of the static prossirre side of the N.P.L. 
stanifard Pitot tube, midings being taken with 
the model ivmoved from the tunnel. A simple 
graphical integration then gives the desired 
correction. Thq magnitude of this correction 
may be as great as 20 per cent of the drag on 
an airship model 5 ft. long. 

The »8e of the ;x)of drag balance, to be 


doHorilied later, in place of the ordinary stand- 
ard balance, has bt‘en found to add greatly 
to the ease of measurement of the drag of 
stroam-imo forms. This roof balance is much 
lighter than the main balance, and it is 
accordingly easier to obtain the necessary 
accuracy. 

(iv.) MofleU supported on WJres for MmHure- 
ment of Lift, Draf/, and Pitrhimj Moment. — 
While the method of holding art aerofoil by 
means of a spimlle screwed into one end is 
quite satisfactory for small aerofoils with 
square ends, it becomes impossible of applica- 
tion when a laige aerof(»il with thin wing-tips 
or when a com])l(*le arrofilane nu»del is to bo 
tested, on ac( ount of the iiiqiossibility of 
obtaining a siilhcicntly rigid siqiport without 
introducing large inteiferences Is'tween the 
spimlle and the wings. A developmi'nt of 
tlie “ wires” mcthml of siqiport was therefore 
Kought, which would enable lift and drag 
measurements to be made on such models. 
'I'liis method, as at jiresent used at the N.P.L, 
is dcsi’i’ilx'd bcl(ov. The modi l is hung with 
the wing span bon/.ontal by means of two steel 
wires attached to the wings about one-third 
of the choid behind the leading edge, and each 
about a foot from the ]>lano of symmetry of 
tho model. 'I’liese wires pass through tw'o 
small holes in the roof of tho tunnel to a balance 
placed on the roi»f, 'I’his balance is showm 
iliagiammat’a ally m /’T/. 10. The wires pass 
oviM* two pulh'ys about four feet apart-, and 
thence to a winding drum, attached to tho 
moving ])art of the balance, by means of which 
the model cun be raised or lowered in the 
tunnel. Tho two pulleys are earned on a 
fiamewoik roi'king about an axis parallel to 
the lino joining them, and carrying the usual 
weighing Immiii, scale pan, and dash-])ot. The 
balance thendore weighs the verthal coin- 
ponont of the tensnm in tho supporting wires. 
The ixMr end of the fuselage of the model (or 
a “ sting ” at tho trailing edge in the etvse of 
aerofoils tested alone) is carried on a small pin 
joint attached to tho lower en<l of the second 
roof balance (see Fi<j. 10). Tlus balance ca-p 
1)0 arrangerl to read either the vertical or 
horizontal conqionont of the force acting at 
the ])in joint. It consists of a vertical arm 
oxtemling do^vTlw’a^d.s into the tunnel (pro- 
tected by a guard), to wliich is rigidly attached 
a weighing lieain similar to those of the main 
balance. This vertical arm is supported on a 
pair of points so that it can only rotate about 
a horizontal axis pei‘|X)ndicuIar to tho wind 
direction and a few inches above tlie tunnel 
roof. Weights placedioii the scale pan thus 
give a measure of tho horizontal force com* 
ponent at the lower end of the balance arm. 
The device fiir measuring the vertical com- 
ponent is very similar to that used in the 
main balance for vertical force. The pair of 
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points above mentioned rest in cups carried 
on one end of a lever at whoso other end is 
a counterbalance, the fulcrum Iwing lietwoen 
the two. An exactly similar lever, en^aginji 
with a point at the up[)er end of the vertical 
arm, bu ms with the first lever a parallel motion, 
80 that when the system moves the vertical 
arm movivs up and down in the direction of 
its length. A scale pan on the upixr lever 
enables the vertical f^irce to lie balanced and 
measuretl. When drag is measureil, the upper 
lever of the vertical force device is disengaged, 
and the lower one rigidly locked, so that the 
balance is then virtually a boll -crank lever 
turning on a fixed fulcrum. A 
simple cam device enables the 
change from drug to vertical force 
measun'inent ami rire ir.rsd to lie 
mad(' instantaneously. 

It Mill 1 x 3 icadily seen that if the 
wues are exactly in a vertical 
plane, and if there were no (bdlec- 
tion of the rear balance due to the 
drag, the sum of the leadings of the 
main lift and I he vertical force at 
the rear juii joint will bo the total 
lift (HI the model, while the hori- 
zontal component meavsured on the 
roar balance will lx; the drag. As 
the lift has been measured in two 
pait.s. there is also sufficient data 
for the determination of the jiitch- 
iiig moment about any axi.s. The 
ilrag due to the sujiporting wires 
and lear spindle is found exactly 
as desciibed iimler unship drag 
on W'lies, except that the two 
additional wires are introduced 
between the wings and the upi>cr 
balance. 

The actual jirocedure is not so 
simple as ilcsciilied above, on ac- 
count of the want of absolute 
verticality of the wirt^s, and the 
ehwtic detleetion of the rear .spindle 
under the drag load. It i.s obvious 
that if the wires are not in a 
vertical jilane the change in their tension 1 
duo to the lift on the w'lngs will have 
a horizontal comp<ment which will affect the 
drag tiaUnco. The amount of this corrt'ction 
is easily found by hanging a known weight 
from the main planes in the plane of the wire 
attachments, and observing the change of zero 
of the drag balance. The ajipropriato drag 
correction for the known actual lift under 
given conditions is at once calculable. The 
effect of the .slight deflection of the rear spindle 
under the drag load is mainly to change slightly j 
the inclination of the wires, and so to introduce 
on error in the drag reading equal to the total 
tension in the wires multiplied by the sine of 
the above small change in inclination. This I 


correotion can be calculated from a know ledge 
of the weight of the nualel, the lift, and tlie 
rigidity of the spindle, but a Indtor method 
is, to calibrate the drag balance iliix'ctly by 
applying a known horizmital force t<t the 
model, and observing the drag reading. 'Fliis 
18 not st ictly correct, as it ignores the effect 
of litt due to the wni.l as affecting the total 
tension in the w iies At moderate w ind sficods 
this lift IS of the order < f one-liftli of the 
weight of the mode! and as the whole cor- 
n' ‘tion IS of the oidn oi one jn'r cent it can 
bo neglccteil. At , high wiml siioeds it is 
atlvisablo to measure the spindle deflection 


under given load and calculate the correction. 
It should here lie mentioned that the models 
are supiairtesl iijimde down in the tunnel, so 
that the wing lift inereases the tension in 
the wirt*s ; with the model right w'ay up, 
this tension would bo decreased by the wing 
lift, and might result in in.sufficient lateral 
stability of the system at high wind sjicoiIh, 
oven if the force did not become sufficient 
to lift the model entirely off the supposing 
wires. 

For the ccmveniencc of any who wish to use this 
method, the following formulao. are apfjended. 
They are not exact, but all omitted terms arc 
extremely small, and will not give nsc to errors 
exceeding } per cent. • 
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If l''-MlilT< riMLC Ilf rmdtnj? of main lift balance 
wilb an<l witlmiil wind on, 

/u forrcNponditi^ ililb-roiico for vertical fonc 
balaiK c, 

H — corrcMpotidiiiK dilT( relict' f»»r drnj^ Imlanco 
IcrtH rcHwtaiK’c of wires ami spindli', 
\V--de«<l wtiuld on wires without wind on, 

M< ' dead welv'lit oil spimlle wiLliout wind on, 

3. Hpmdle delhstioii for unit horizontal load, 
/- l.rij'tli frtuii [»iii joint to fulcrum of draj? 
halulK e. 

/' -lehi,Mh ot HU|)|iort»ri« wirrst, 

/i ’ angli) u-tween plane of wirca and vertical 
plane ; 

then l^ifl^ " 

‘ ’ /)« ( vv'rw/?) ' 

ritcliinn moment about any umh whoae interseition 
with till' plane of aymnutry ih detined by the co 


FIO. 11. 

oi'dinutos (♦', h' fFiij. 1 1), in th tennmod by the foimiilu 

ritclun^ niomeiil b{«( cos n l h «in 0 ) 

- I )(h 1 os a - (» sin a) I ( H 1 F tan (■))(!>' cos « 
-a' sin a) -/(ii'cosn t h' sui a), 

wliere <t, h arc (he co-ordinates of (he pin joint 
attachment and a the aiijih' of incidence (see Fa/. 11). 
Tlie dim tioiis in whii'h fon;(iH. e<*-orduiattNs. ami 
uncles are taken as positive are also sliovvn in Fuj 1 1. 

(v.) Mitcelhfieoit/i of F'ontrol 

Surfai'e^f.- Most of (ho miscollanoous and 
s{)oeial inothods of measuring forces and 
moments on models or parts 4iave been 
adopted in order to make tests of the eon- 
trol'surfaces of airships or aeroplanes. The 
measun'ineuts usually requirtMl hero are the 
moment on the machine due to given settings 
of the control surface, ami the corresponding 
moment about live hinge of the control surface. 
Various methods have l)oen adopted, from 
time t(^ time, in making these measurements ; 


but, until the development of the “ wires 
method of tost and its apidication to the testing 
of contnd surfaces (as described later), none of 
these methods can Im legaided as haying 
jiroved to Ixi entirely .satisfactory, especially 
as regards the measurement of hinge moment. 

Hidling moments, and in some ca.ses 
[iitching moments also, ncio measured with 
the Aiixiiiary Moments Afiparatus, which 
enahlwi moments to bo measured about hori- 
zontal axes in the model along and at right 
angles to the wind diieition. Ihis apparatus 
lia.s dr.no uwful work, not only in connectimi 
with the testing of control sui faces but in 
other connections also. The juinciplo of its 
show'll in the diagram {Fig. 12), in 
aerofoil is shown attached to the 
The model rests upon a liardened 
IS supjM.rted rigidly 
llnor of the ehatinel, 
and it IS about uxes through this 
jvoinl that Mionu'Mts are measured. 
Attai’hed to the tinder side of 
the model is a si'rtical spmdk^ S, 
which makes connection at its 
lower cml to llie veiucal aim of 
the niiun halam i* tliioiigh a uni- 
versal c.vtcnsdile joint .). 'J’hiis 
leadings jiroportion.d to the 
moments about tlu' honzontal 
ax('S through the pond art' taken 
on the Ix'ains of the nuin balaiieo. 
The method and apparatus are 
fully di'serilxsl ' in the lopoKs 
of tiu' Aihisoiy ( ‘oiiiiintti'c for 
Aeronantu^. 'Phcio aic tw’o 
disadvaidagi's to the method. 
First Iv. it IS often not |)osslble 
so to anungc matters that the 
point of the npp.iratus is situ- 
ated on th(‘ axes about which 
moments arc wanted, and in mder to olitain 
moments about the desired axis measurements 
of drag and eross-wind force have to be made 
when otherwise they would not be reipiirod. 
Secondly, it is found m jirartice that it is not 
always {ais.sil)lc to have the \ertical spindle 
of sutlicient rigidity to previmt undue angular 
movement of the model under the wiml force 
without it causing considerable interierenee 
to the air How. It pomotimes corner about, 
therefore, that it is mon' convenient to rig 
u}» a 8[)ecial arrangement whereby the model 
IS snpiKirted on ixiints fixing the axis in the 
mmiel about which moments are actually de- 
sired (usually an axis passing through the 
centreof gravity of the machine), and to transmit 
the moment either to ^ic main balance or to one 
of the roof balances, the actual measurement 
made in either case usually being vortical force. 
Instances of this method will be given later. 

* “ Tlio Wind ('hanncl, Its noslttn and Fsc,” by 
J. R. Panncll, Report A.C.A., 1915 -16, \ll. 32. 


action IS 
which an 
apparatus, 
steel point F, wliieh 
from the 
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If it was desired to measure hinge moment i time, that m» fouling takes place U'tweeu 
this was generally done by a set of experiments I rudder and model. These, os \Nell as the inter- 
gpccially devLsed for the puriiose. (Jnc btm]>lo I feienee with air (low eaused by a hjnnJle, are 
and obvious method of measurement was to the t bjeetioiis attavhed to the general method 
mount the control member on a spindle held of measuring hinge moment directly on the 


in the chuck of the 
main balance, the 
main jiart of the 
modi'l being lield 
rigidly m correct 
[Hisition relative to 
the control mem- 
ber, but not mak- 
ing any actual 
coiuK'ction u ith it. 
This IS a method 
particularly suited 
for m 0 a s u r 1 11 g 
moments ou rud- 
ders ; and if the 
scale of the model 
IS huIVk K'litly huge 
it is a methoil 
which might still 
1)0 .idv.iutageou'jly 
emploved oil ac- 
count of the eus<' 
with wliH h it 
{Kumits the set- 
ting of the rudder 
to atiy desired 
augl<‘. When, 
howevei, the sc.de 
of the model is 
siiiidl, this iiudhod 
sutri'r.s from two 
SCI ions diMw hat ks. 




main balanee. 

And lore it may be as well to cmiihasise 
the fact that the 'picbtion of gup is one always 
to Ui 8eiio'isl\ (insider ‘d m any tests on 
contiol sui-fiivcs a.s it li.e been found ‘ that 
even what might b. eonsidensi to be a rela- 
te ely small gap may have iiuito a large elleet 
on the moment piodiued hy, and the moment 
on, a control memla^r. For instance, it was 
found 111 the ease ot adeions on a wing of a 
(i-iii chord that u ga]) at the hiiigi* of 0 Oo in. 
reduced the rolling moment hv as much as 
about 40 per cent, while the ellect on hinge 
moment, although 


not so huge, was not 
inconsiderable. 


All c\ani|ilr of the 
nirthmi (tf nicahiiiiiig 
liiiii^t' niniiiciit on the 
main halaiUi' i'- illus- 
tiat«“tl in Fiij Hen- 
the int‘aHiirciUfnt was 
on a H.ip extending nil 
the length of the re.ir 
of an IH" aerofoil,''* 
and It will Im' seen 
from the tigmo that 
all hough the hmg(' of 
tlie llap i* m hue with 
the eentre line ot tlie 
mam halaiue, thi' (hip 
jH not supported rigidly 
ou the end ot a spmdh . 
Iiut Ls fns l\ hinged, by 
ineaiiM of }M»ml ami cone 



Fjg. 13. 


hinge'', to the mam por. 

tmn of the wing ( 'omie« (ion hi twis ti flap and hidanco 
IS made liy a spe< lal eouplmg, designed h\ Mr. Jv. A. 
tlnrtillis, wlm h, wliile still in torsion, is flexible as to 


txMidmg. Tw ) of thtw eoiiplmgs are provideil to 
allow for any iiior m alignment of lunge axis and 
centre line of balaiiie. 'I'lu' mam jioition ot the 
wing IS mounted on a tunitable whose a.xis eoinei(h« 
with the biilaiu'e axis, so that Ixith angle of ineideneo 


of w mg and flap angle i an l>e altered fiom oiitHide 
the ( harmel and willjout shutting down the motor - a 
tonveniencc well woitli some pains to obtain when a 
large number of settings liavo to Isj made. 


An illustration of the “ wires ” method ” as 
applied to nie^isnrenient of hinge moment on 


Firstly, it is found that it is impossible to 
obtain a sulhcient degree of accuracy when 
the rudder is small, owing to the limitations 
imposed liy the frictio^ of the points which 
support the balance, and that some lighter 
font! of balance is required. Secondly, in 
the small-scale model it becomes difficult so ! 
to set up the model that the gap at the | 
hinge is not unduly large and, at the same | 


ailerons is. given in Fig. 14. This figure also 


* “Investigation on Ailerons,” Parts t. arj lib, 
by H It Irving, O A Hankins, and K. Ower, 
A C.A., R . ntul St, Nob. 5^) and 051 

* “ experiments on an Aerofoil with Flaps ex* 
tending along the Wtiole I.,eTigth,” by K. A. (Jrjfllths, 
A C.A , R. and M. No. 3H). 

* For full particulars sec " On a Method of Measur- 
ing Rolling Moments and Aileron Hinge Moments on 
a Model Blpbrie,” by U. B. Irving, B.Sc., A.C.A.t 
R. and M. No. 512. 
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givfe* tho raot!io<! nf mcaHuring the rolling a weight is attnchod to keep the wire taut, the weight 
luomeut pnKlnocd by the aileron. being B!iielde<l from tho wind by a small guard 

* fasUmixl to tho floor of the ( hannol. Alternatively, 

'I'ho iiuhIiI biplane iiruliT l<wt in Hup|iorted by two thw wire may pass through a hole in tho tunnel 
hanleniMl mIooI [loiiitM I', jidjUHtablo ill height, and Hwr, and tho weight ntta('he<l outMulo, as shown in 
eonnetfion fo the balaiiei* is mado through a C- the hguro. At the iip|)er end the wire pusses over a 
spring mid strut ly the nrni L, whieh rnuy swivel pulley and round a drum on the roof balance, 
in tho plane of symmetry and may Ix-e'amjied many Alteration of the setting of the ailerons is made by 



position by a screw. Readings proporUonal to rolhng rotation of the drum, and tho angle which the aileron 
monu'iits are thus taken on tho cross-wind beam of mokes with the wing is determined by sighting from 
tho main baUnco. Adja.tment of the stmt for a small nmiovabie straight edge on the aileron on to a 
level is made raUing or lowering the pomts P ; straight edge with protractor fitted to the wall of the 
for alterations of ineidonce of the biplane one point tunnel. 

is raiswl and the other lowered. Corrections to be applied to the results are those 

The ailerons are fn'ely liinginl by simple pin due to the drag of th^ wire entering into hinge 
lunges, and a pin or “ sting ” is inserted uito the moment reading, to alteration in aileron angle caused 
rear edge of eaciv'ileron. At the end of this pin is a by variation in length of the hinge-moment wire 
circular gnxive. round which a fine wire is given a under varying tension at different aileron angles, 
few turns, and passes upwards to a light roof balance and to angular deflection m roll also causing ^tera< 
and doguwards to near the floor of the tunnel, where Uon iu aileron angle. These three corrections are, 
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however, eitfily applied, and by auitable design may 
be made quite small 

It has l)een mentioned that both rolling 
moment and hinge moment, particularly the 
former, are affected by the gap at the hinge. 
The effect may be cut out, however, b\ eoin- 
^ pletely closing up the gaj) by a thin film of 
rubber obtained by ap])lying rubber solution 
and allowing the solvent to evaporate. Only 
the minimum amount of solution necessary 
to form a Him of rubber should Ik‘ n])]>lied, or 
difficulty will lx* exix'rienced in the measure- 
ment of hinge moment owing to “ 8tickine.ss 
of the balance. 

it will easily lx* seen that rolling moment, ! 
as W'ell as lunge moment, instead of being 
measured on the main balance might readily 
have In^en nu>asure<l on a roof balance liy mean.s 
of a wile attached to *»ne of the wing tips of 
the biplane. Tins simjile method of measuring 
the iiunneiit on the maclnne is, in fact, the 
one wlneh will probably ffiul the most general 
ajiplieatiori. I 

§ (S) Staimlitv Kxpkhimknts.— -It is shown [ 
in the nrtiele on IStahihty ” ^ that when an 
m'roplane is (Ji.sturlMsl from a steady flight ■ 
condition the aerodyminiio forces due to the ' 
tbdturhanco can be e.\iirc.ssed by six equations \ 
of the form 

X -aXtt i rXp +wXv i pXp } (jX^ + rKr, 

L-7/Lu-f clip i wL„ fphp * 7!^ ' /bf, 

the other four cspiations being obtained simply 
by writing Y, Z, .M, and N in place of X or L 
in the above representative pair. 

The quail lilies 1/, i\ w, p, q, r are the changes 
(assumed to he small) in the linear and angular 
velocities pnxluced by the disturbance; X, V, 

Z arc the forces parallel to the axes, and L, M, N 
the moments alsnit them. 

The e<H*ffit ient8 X„ . . . (with suffix n, 
i\ or le) are known as resistance derivatives, 
while Xp . - . N,, (with suffix p, q, or r) are 
known as rotary derivatives. Thus X„ is the 
change in the force acting along the X axis due 
to a change u in the velocity in the direction of 
this axis ; is the rolling moment due to an 
angular velocity of yaw equal to r, and so on. 

The resistance derivatives can all be cal- 
culatc<l if the forces and moments on the 
machine at various angles of pitch and yaw 
are known. For example, in the simplest 
practical case of straight flight, with axes of 
reference parallel and perjiendicular to the 
line of flight, can be obtained from the 
slope of the normal force curve plotted against 
angle of incidence, since tr/U is the change of 
incidence duo to a component velocity w along 
the Z axis. Similar raethexis give all the 
derivatives with suffix v or tv. Those with 
suffix u can be obtained from the total aero- 
‘ See " Aircraft, Stability of," § (8). 
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dynamio forces and couples acting on the 
machine. Thus if x represent any one of 
theee forces «)r moments, it is known that x 
is of the form 

X = KU>, 

where K is constant to a sufficient approxima- 
j tion. 


Hence X»» 


2Y 

— 2K n 
<iV 

" U' 

It follows that 

V 

2X 

2Z 

Ay 

U' 

"" U’ 

and so on. 




The above ealculations give tlie magnitudt, 
only id the derival ives, the s\gn dejx'nds on 
the systcmi of um-h used. 

The rotary derivatives arc not so simple to 
determine. Some of them, sueh as L„aiul Lf, 
de|x*nd almost wholly on the wings, and 11 good 
approximation to their value may be obtained 
if tin* distribution of the aerodynamic forces 
along the wing span is known {f'.g. from 
piessure jilotting ('xperiments). 'I'akiiig as 
an example, the effect of an angular velocity r 
IS mainly to augment or diminish the forward 
vcloeity of a wing element with lesjxjct to the 
wind. The change in normal force on each 
wing element can lx; found, and a graphical 
integration over the whole wing span will 
give the total change m rolK.ig moment pro» 
duccd. This is rb,.. 

The exjx'rimental deUrmination of the 
rotary derivatives is not so direct as that of 
the resistance dciivativcB. The methods used 
up to the present ikqKiul upon measurements 
of the charueten.stics of the oscillations of the 
model when suitably supported in the wind 
tunnel. It can he shown * that, in the cose of 
a rigid body executing small oscillations, a 
resistance term in the equation of motion 
proportitmal to the velocity gives rise to a 
gradual deen'asc or damping of the oscillations, 

I the rate of (lamping depncling on the magni- 
j tude of the lesistaneo term. Some of the 
I rotary derivatives (i.p, M,, and N,) can bo 
! determined in this manner ; and the formula 
j is developed Ix'low. The mixiel is free to 
I osoillato about the desired axis under a spring 
control, and the dtrivativo is found by moasur* 

I ing the rate of damping of the oscillation. 

A second method (for the necessary formulae 
see (iv.) below) consists in forcing the mixlel 
to oscillate about one axis by means of a 
periixlic C(mple about this axis or about an 
axis at right angles. The period of the forcing 
couple is varied until the forced oscillation 
has its maximum amplitude and a relation * 
can be found which gives the derivative in 
question in terms of this period and the 
amplitudes of the forces and" forcing oscilla* 
tions. This method can bo u^ed to determine 
* See “ Simple Harmonic Motion," Vo^ I. 

P 
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any of the dcrivativcH L, M, N, with suffix 
Pt </, or r. 

Tlie drnv.itivort X, V, Z, with HuflU />, 7, or r, 
are in j'cncrul nniin))orUiit in the stability 
e(juati(»ns, ami u rough estimate of ttu-ir value 
in Huflicienl. For example, tho most 

important of tlu'in, can be obtainetl with 
Hulh(:i(>nt accuracy by (lividinu: by tho 

(iiHtance of the tail plane from the centre of 
gravity of the in.icliiiu*. 

It may hero bo montioned that (d tho Ihi 
denvativcK (loHistancc ami lotary) IH aro 
7(‘ro in tho case of llight in the piano of 
symmetry, i.c. ordinal y hori/amtal flight, 
climbing, or gliding. ’I’lie imist important 
dciivativcs in lliisiast* an> X^, Z,,., M^, and 
for longitudinal stability, ami V,,, li„, 

N„, and N,. for the latcial motion. 


[ of tho machine, and for an aeroplane, the 
derivatives of lessor importance, and 
deduced from it. Both X^ and could, if 
nece.sHury, be found dirisdly by experiment 
by making 111 adilition oscillation cxjieriments 
about axes parallel to, but some distance from, 
the pitching axis tlirougb tlu' cenlie of gravity. 
For X^, the axis would require to eiit the Z 
axH and be aliove <jr Ik'Iow the while for 
'/j,j tlu‘ axis uould reijiiuc to i ut the X axis 
and be fonv.ird or aft of ('.(i. At Die pri'sent 
stag<‘of developnuuit, however, it is sunichuitly 
«iccui;it(' to e.stimatc both and Z^. 

In measuring the iiioihd is supiioited so 
that it can oscillate alioiit its pitching axis 
under the crmtiol of a suitable form of '•pring. 
The tlu'ory of tlic method of mcasming tlie 
natiir.il daiiqung is as follows ; 


()| till' Iavu fiii'llioib, that of nii'!i.siiiitig tlii> mituial , 
(Jarii|Hiig of an om illaton is tin* Kiiiipicr, hut (he 1 
method of foil mg I lie osi ill.ition '^o tli.il il.s amplitude | 
icmams cotmlanl duimg the (*\pciimiiii h muii* | 

gciiiially apple ahli* and h the only pi.oliiahle 1 

mi’lliod for mi'astiimg the lompouiid’’ dcn\uti\«"^ 1 
that IS, tlioMc nnoKiiig Huuultam'ous lotatiou alsmt j 
two axtw at iiglit angles to cai h otiicr 

In tfu' imltiod in wlmh the natural ilampmg is , 
measured it cs Mometimes lomid that it is not piwsihle | 
to uiri'V out the experiments u\ei large .i i.iiige of ■ 
wind spi'ed as is deHitalde. This is dm* to the tad. | 

that the natural (pimping is Hometimns so large at ! 

higli wind Hpi'i'ds tiint ’it the 1 ml ot one or two 1 
Vompldo perasls the amplitude of osullation has | 
become so small that it cannot Ik* mi asurtsi with 
■ulliea’iit accuracy. In onlci to ohtam oKstrvations 
over a numlier ot swings tin* amplitndo ot the initial j 
oscillation may he made hiulv laige, fmt if it hap|M*ns 
that tho dciixatiic mIucIi h to In* mc,i.surcd xuiies 
nqiidly with such change of attitmle tho resniLs of 
tho mcasiin'merits may not give tin* trim derivative 
at till! rni'iiti attitude of the experiment A wav 
out of the diniciilty is to ad'l inertia to tho miKlel , 
so that tlu* logarithmic docicmoiit of llio osculations j 
is roduied and inoio olwi ivations m.iv Ui tal’i'ii. 

It IS not alvv.'i^s I'asy tu do this, however. If (ho 
iiiortia is attadicd noiir tlie modi I and movo.s in tho ! 
wind elianiK'l it may itself consideruhly ado<t (he j 
damping and inlerfore with the How loimd the j 
model; it tlie added inertia is phued outside the ! 
channel there is often ddlu ulty in attaehing it iigidly ] 
to the nuhlel. Sueh ddhcuUuvi a.s have Isx'ii j 
montiomsl do not (Hear m tliti mollusl of forcysl 
oscillations, and. since the aniphtiide of o.sc illation 
is eoiistant m a given experiment, the elb'ct of 
variation of amplitude I'li the iX'sults obtained may 
bo studicHk III wlint follows, an account will l»e 
given of the tliwry and methisl.s employisl in the | 
carrying out of tluvse oscillation exjx'riments in the j 
eases of the more imiKirtant lotary derivatives. 1 

(i.) Longitudimil Holnrij l^rivatireM. — Of j 
these the most important is tho rate of I 
change of pitching moment due to pitching. 1 
This derivativxi is generally determined 1 
directly by oscillation exjH^riments about the 
pitching axis through tho centre of gravity | 


bet 0 Ik' the delleitiDii or pitch of tlie model 
at aiiv insliint. nn . mured fiom the 
|N)si( ion of ei{nihl)i mm, 

I (he inoiiKiit of inettui ot the o-^i dialing 
iippiil.it ns, 

T (lie |>irii)dii time of osi dhition of the 
.IpjISl.ltllS, 

/a 7 the dumping lonpli due to liutnm of 
Hiippoitnig jMunts 01 ioule iilges, if 
any. Iiysti ies|s (if ''pung**. etc., 
k^O till* ( out tolling couple dm to the spimg, 
k the coiitiolling I onple due to the wind. 

'1 he damping i onple due to the wiiui is - Mgd, 
positiM will'll 1/ or 0 IS neg.itive. 

Then lin.if (k^ > k^^)lh-{) 

IS the equation of (notion lor the o-( illations. 

The solution ot tins equation is 


"D'x' I 

wheie Pp and f are lonstarits detirmined by the 
initial conditions ot displiu eim nt and veliHily'. 
The maximum xalne of 0 at the end of n eomplclc 
|M*ri<Kls from the start is then 

I'n ‘ Cfl® nearly ; 

l)cuig the initial maximum disphuement, 

and K". M„). 

21 log.ftV'^n) 


The quantity log, ((^0 deU'rmimsl from tho 

auiplitudi's (or the logarithms of the amplitudes) 
of a numU'r of successive o.s( illations of tho mixlel, 
obtainiHl by direct olwiVvation of a spot of light 
reflwteil from a mirror on tlie model to a scale or 
from a damping curu* record obtameil photo- 
graphically or otherwise. 

T w easily found cither directly wd-h a stop- 
watch or from the danipuig curve. 
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I w best lieterniiiK'il from on obwn'ation of Uio 
{MTUxiie time (Tq) of the nppaniluti Mitli no MiiiU. 
We have 

To - , , 

sk^'l 

or, w ith suH'k lent .n i nr u‘V, 

T, ,V%. 

^.To' 

and til' Ji fore I - - . 

4ir~ 

niii^t lx found i»y calibrating the contrulling 

hpnng. 

An ohi ilLitio'i (•'.puiiiK'iit with no wind will 
(IrfiTinmc !i \alu<‘ <*1 p which m.iN be taki n ax the 
dainping <liii to the ajip.irat ii", an<l subtr-uted fiom 
ob''( r\ .ition-^ ol louuithnm diirutant with the wind 
on in onh r to dctoi iniiie 

(ii ) Mtlhod of ^iupporiinij Modd. In the 
e.uln i‘ t viKMiiiU'Mlx till' mixlel was UHually 
.sii|)|)oitf<l III tin- < liaiiiU'l ('ll point lieaiiiigH 
I'arefully made no ax to loduci.' the (laMi|>ing 
due to fii' tion to .i imiiiinuiii. It was found, 
liowevei, that this solid dumping was often 
not sin. ill loinp.ued with the wiiui damping, 
and fnillieiinoK*, that it v.iiied with amplitude, 
and w.is apt to \.iry diinng the (ourse of an 
e\[H'nment. Its in.iLmitude was alxo found to 
depend hugely on tl'.e pressure on the iMNtrings, 
wIikIi intiodiKisl the possibility that it v.iried 
mateii.dly with t‘i(‘ force on tlie model. 

An impiovenient on IIk point healings was 
made In the adoption of spnrig supports for 
the model, of eiiieiforin section, oscillation 
being permuted In delleition of these spiings 
in torsion. Hy this means the soli'l damjiing 
WMs veiy greatly reiliieed, being now due 
almost eiitiiely to hysleu'sis in the cnieiforni 
spnngs. It w.is also an e-isy matter to add 
inertia to tlu' oseillating portion of the 
apjiaratus outside the wind tunnel. It was 
found later, however, that this could not b<‘ 
done without intioducuig a senoiis error of 
unknown magnitude into the results, Iw'cause 
it was not jiossible to make the connection 
between model and added inertia siiftieiently 
stiff in torsion to be taken as ngid. Finally, 
as 111 several other cases of aerodynamic 
measurements on models, this method gave 
place to the “ wires ” method, which was found 
to lie the most convenient and satisfactory in 
use: then' is pr.iotieally no interferenee with 
the air flow', and the damping with no wind U 
extremely small. Further, the method lends 
itsi'lf to an easy application of the method of 
foreeil oscillations, to be described later, in 
whieli, as has lieen mentioned, there is no diffi- 
culty as a result of small inertia of the model. 

The “ wires ” method was first applied to the 
determination of rotary derivatives by Simmoiw and 


Itatein.in.* In this method tlie axis of rotation b 
fixed by two wire pyramids attached at tluar apices 
Ui the upfxr uiui lowir ends of the iiuxb'l, and at 
llieir b’u-<M to tin nsvf and floor of the channel, 
a.s sht-Aii in hij. l.'». 'Jims die nuxlel is fi-ee to 
os» illab- alx'iit die vcituid axw joining the upieeS. 
The o-'iill 1 ons trcionlii 'hsl In spiings, .S, attaclusl 
to liori/ontal oi \'rtio'l wins counts t<sl to the 
IkhIv of till- at ri nl.iii.' near the tail and to (he sides 
of the tuimei, as si. iwn In' aiiiplitude of (ho 
tx>< illations is loiifid by ulhst .on of a U-ain ol light 
from .( coneaxe miitoi .ol u lu-d to tl-c' incslel lu-ar tho 
a vis of lotation on to .i st.de on the sub* of or oiitsido 
(be tuimel. It IS louml toiixeiiiinl to tlixide this 
scale log.iiillimKaliy so that the li'gs of siiciessivo 
umphtiuUs may lx' n‘ad oil diu-ctlv. 

(ill ) Method of Foned <Ks< df(dio7is,~ Fig. 15 
also shows how the “xxires" method has Ix'eii 
adapted to the method of forced os( illations. 
The iiKHh'l, hupjHtiting wires, and toiUrolhiig 
s|iniigs ait' exactly as In foie, and there is now 
added thi' hoii/oiital foieing spring I'" shown 
in (Ik* (igute iii(' wne connecting this spiing 
to the mod' I passes through one side of the 
tunml and is (onneited to the end of a hoii- 
•/.oiit.il eioeiitiie lod, tlu' I'leeiitrie being 
rotated hy an electric motor geared down with 
woim and woim-whcel icdmtioii. Tin* end of 
iht' lod itt thiisgivcnadciiniti' harmonic motion. 

Let 0^ sin jil Is* the angular motion of the model 
wlmh would be piod'’ied by (In' eeeen- 
tiie It tin* spnng F wen' iiieAterisible, 
the (oujde pt r ladian nspaM'd to deflect 
spiing:^ ."s, 

/j,, tlu- tou|.!t- pel rudmu re(juired to deflw't 
sjamg F. 

the (oiiple })er ladiati due to the xsind, 

0 the dellertion of the nKnlel at any mutant., 

/.L Ih' dcini|img < (H flu lent due fri the apparatus, 

1 moment of inertia of the app.iratus. 

Then the ecjuation of motion for the model ik 
10 \ in ■ 1 ik^ i k.^y)0 ^ k^(0~0i sm 

Aft^T the mot. i'i has hecorne steady, the ainjilitudc 
of (he forced or( illation is given by the parlieulur 
integral of (he alsne eipialKai, which w 

kyOi sin pt 
M,}V t ! i'w i 

If the perMxl 27r/pof the improwW'd ('ouple be adjusUsl 
until 0 lias a maximum value Oq, that is, prai tieally, 
if n^onaiice lx* obtained, then ’Jir'ji is viry nearly 
equal to the periixl of the liatimdly dampciJ fn*o 
oscillations of the model, amj 

ka i kCy. Fkyf 

approximately. • 

Hence '<*ry nearly, 

p(/X ' Mg) 


* *‘ A MetJuxI for Determining the Rotary Deriva- 
tives Mf/ and Nr,*’ A.c.A,, It. ai\d M. No, 666, 
January 1920. • 
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wh<inrp M, can Uj fotirxl, fx ln'in^ determinf'd by a 

III)- wind 

'I'ho in pnu lien ifl to wt the for(inj;f 

umpliiinlo 0 ^ (<» II convfmfiit vitliio by tneaiiM of 
tlin variiil)l<' ifdntiu' iiml to vary /> iiy alt/Ormj? iho 
HpMfd of tiic tin trie motor wliith tlrivfH tho fon iiig 


like Np and can only be determined con- 
veniently by the method of forced oacillations. 
For this purfwiao the model is arranged to lie 
free to turn about two axes at right angles; 
an oscillation alsiut one axis is impressed n|sm 
the model and the consequent forced oscilla- 




Hystern. until a maximum value of $ is obtained. 
The'periotl 2ir/p is then observetl by a stop-watch. 

(iv.) Lnferrd lioUiry Lkrimtu'fs . — The 
methmU which have been deacrilHHl for 
determining may also be applied to the 
measurement of N, and L^, when suitable 
modifications are made in the apparatus, 
where reoessary. Comiiound rotoiy derivatives 


tion about the other axis is observed. The 
motion about the first axis is constrained to 
lie simple harmonic, a*td that about the second 
is ctintrolletl by suitable springs. The natural 
damping of the free os<illatiou3*ia also re- 
quireti, and must be determined by the me;thod 
whose principle has been outliiu'd in comnection 
with the measurement of M,. 
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The theiiry of the method is as follows ; 
Cdtihidcr the ifw of L,. or rolLn^ nioint^t <lue to 
yiivting, an<i 


b t '■HI w/ Jh' the fort'Cfl motion in yaw, 

ix‘ tin* vanatiiin of rolling momml 
with iiiiglo of \rtw, 

K 1m‘ iho Ktiniu'HA of tin* Hprings controlling tl>e 
roll, 

A 1m’ till' moriu'iit of iiuTtia alxnit thcaxiaOj', 

K 1k' tin' priMlnct of luortia with irlation to the 
aves Or. Oj. 

riu' oqn.vtKni of motion is 

Ae j in - l.p)ti ; Kfl- 

4 COfl wt 

'1 ii(‘ }wirtu'n!.ir integral give^ 



/ /rtl. 

1 ) 4». i 

1 [s^ 

aV 


w 111 ri' 

• 

< m ( - 

in l.p)w 

- ^ , find Inn 11 -^ 

K Aw* ' 1 


At ri'Hon iiita the amplituilf is given to a good approxi- 
million wInn K ^Aiu’, an<l 



The \alnc of 51. 5i/' ih obtainahle hv a dirtvt 
moasim'iiii'iit of rolling niomenta at \nnoafl angina 
of yaw. 1111(1 if K can iw iiiado /cro by amiable 
a'lditional inaHMca. Ilic value of 1,^ h calcnlnbln. ft 
IS found in j»racfuc that it h diflii nit to eliminate K 
tomplcU’lv, and that with a nwKlcl having a largv* 
dihedral angli' 51. 5\^ is so large that itaiffeeta mask 
those of 1;^ and leave litth' aeciiraey in the deter- 
mination of the latter The best experimental 
method is to adjust the fM-rKnl of the forcing oscilla- 
tion until tlie motion, the resultant of the forced and 
forcing oscillations, as obtK'rved by means of a beam 
of light rerieetcrl from a muror on the model, is 
rf-ctilineai . i.e. until the jihase differetiee lietwecn the 
roll and \aw is rero. Tins gives tlic iclation e * 7 ;, 
for if f^Tj, lioth the forcing motion given by ^ and 
the forced motion given by B are proportional to 
Bin ut ; thus wo obtain 

hr 

K”Aa;*’"(5L/5f)--Eu;*' 


and if the value of K-Aw* from the almvo is sub- 
stituUxl m the expression for we obtain 


V~ V 


both E and 5f.'5i/' being simultaneously eliminated. 
It is therebtre onlv nwpxary to measure the angle 
which the straight line obtained makes with the 
axis of (1 roll, and if this angle is we have the 
simple relation 

Lp) tan 

A similar method may bo deduced for any of the 
oompouiid rotary derivativeg. 


('are must be taken tliat tlie sujiporting wires am 
under eon-idenible tension, or errors will In' Intro- 
diiotxl duo to strains in the siijiporta under the Yaryitig 
forces acting on the iiiiHlel. 

The use of tlu' whirling ann for the mcaaiire- 
ment of cert-iiiii nitarv derivntives which have 
hitherto j>rv»Ycd diflieult to dctcnnino hy the 
nietluKl of oscillafiotis w a jiossibility woithy of 
aoriouH con8i(U‘*-ati in. The advantage of UMUig 
the arm would 1-c Mint ii ‘ady value of q or r 
could be ohtniiU'd and tlie derivatives more 
e.vsily determined fio*u t.'u* experimental ohsev- 
vatioiiK, jirovideil that the a])|»ara1UH for the 
meiVMurement of forees and momenta could be 
made to work satisfaetorily and that eomjihca- 
tioiw arising from eentrifugal force would prove 
surmountable. 

(v.) Auto-rohition. -lloforc leaving the sub- 
jeet of Ktalulity e\])eriments some notiee 
should lie given to a method of exjKriment of 
winch us<‘ ha.s only recently Iw'en made. It 
was sugg«*sted by Professor Pairstovv tliat the 
manonivre known as sjunning might in it« 
essential.s he imitated in the wind channel hy 
mounting an aerofoil so timt it was free to 
rotab* about a hon/onlal axis in its ])Iane of 
aymmetry An aerofoil so nionnted and set 
at an angle of iiieulenee greater than the 
cntical should exhibit auto-iotation, that is, 
it should eontinue to rotate in either direction 
when once started. It has been found that 
auto-rotation docs aclnally take place, and 
that the 8|)e<'d of anto rotation is in lough 
agreement with that erlculabd from jin'ssuro 
distnhution data, and also tfiat it corresponds 
roughly with the obsi'n'inl spinning speeds of 
aerojilivnes. The method cannot, however, 
bo useil to jireihct the spinning speeds of an 
aeroplane, since the sjieed of auto-mlation 
depends u|sin the mean angle of incidence, 
and the angle of incidence at which an imro- 
planc spins dcjicnds uikui the nature and 
efHcieney of the control surfacea and is not 
easily deUuinined. At the same time, the 
method promises to give ust'ful qualitative 
results, jK-rhaps morn in connection with the 
difficulty of controllability at low H])ceda 
caused by the tendency of an aeroplane to 
rotate about a roughly horizontal axis when 
stalled, rather than in connection with rate 
of spin. Thus, if it is found that one moilel 
does not begin auto-rotation until it roaches 
a larger incidence than another, it may be 
considered that the former possesses an 
advantage over the latter os regards controlla- 
bility at low B}M!ed8. But any conclusion in 
this direction can, for the present, be regarded 
only as tentative. 

§(9) Experimekts on Air - screws.— Ex- 
perimenteon air-screws usually involve measure- 
ment of thrust and torque at known revolutions 
and wind speefl. Both whirling arm and air- 
screw balance have been used for the^purpose. 
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In the fnriiKT the air-sere w is iruumted on a 
dynainotiK'tf'r at the (muI of an arm of ahoiit 
.'{0 ft. len;'th, ami forward HjX'ed ih oMuined 
hy lotalioii of the anil afiout a veitieal axis. 
'J’lie aii-Hirew' halaiiee ' is Used in eonjunelion 
with a wind chaMuel, the air-Bcrew' being 
rotat'd III the i-haiiiiel by a motor jihwed on 
t(t(iof the eliarinel. Hotli motor and air-.serew 
are mounted on a single arul there are 

bal.inee arms along and aeross the wind 
direition as in tlie main ehannel balame, 
I’hiM a|i|)afatun, besides being now’ the standard 
apfiarutiis foi meaHiirenient of the peiformaneo 
of an air-Hirew' by itself, h:is been UHe<l to 
(h'teriiiine the I'lTect of the piesenee of \anons 
aeroplane bodies on the jiei-foi nuinee of the 
air-seiew, and at the same tune the elTe< t of 
the Hii-serew on the resistance of the Ixidies. 
in order to do this tin' model body is made 
hollow and in halves so that it (an be mounted 
in eorieet position relatne to th(' air-seri'W, but 
(|uit(' indepeinh'ntly of it 'I'he peifoimanee 
of the lur-serew is then measunsl in tlu' usual 
way, and the drag of the body is measnied on 
the mam balance. Such a nu'thoil is the oin* 
which w’onld be adopted for experiments made 
in, say, a foiir-foot ( hantu'l : in a seven-foot 

* Si'o " IicMflptiiai of Apparatus for Mi*asiin-mriit 
la .i Wiinl 'l'(niii( t ol ( Ilf I’crforiiiaiK c ot an Mrsciew.” 
l»V A I'ak'i' and If 11 Collins, lOpint <>i 
('caiaiif/iryar ..trrwairattcK, H>I7 IH. \ 51 


ehannel it has been found ® possible to make 
the model Isidy large enough to enclose the 
electric motor wliich drivi'S the nir-screw, thus 
getting lid of interference due to the et)lumn 
sup[)orting the air-serew bearings from the 
motor and balame. Sjietial nu'ans have m 
this ease to bo adopted for nn^asuniig the 
perfoiiminee of tlu* air-seiew. 'Ibis has been 
done liy' mounting motor and air-screw on two 
sl<‘el [loinls, living an axis along the wind 
diiedion, and tiansmitting the toivpie thiough 
an arm on tho under side of the motor to 
the main balance. Fur measurement of thrust 
the two points are loweied and motor and 
air-serew l)(‘eorne suspemhsl on four wires, 
forming two “ V’s,” attached at their upjior 
(‘lids to tlie roof of the channel ; thrust can 
then he measured on the drag lieam of the 
main balanc(\ 1’he method is fully ilescnhed 
ill (ho report of the Advisory Committi'o for 
Aeronautics ahendv rcferied to, by Fage and 
Collins, while the method 'in which the air- 
sen'w r(M»f bulanee is used is desciibed m an 
(*arlu'r lepoit.’’ y jj 

ri. 11. I. 

* Sc(' i; K “ \ii I'lcCtii- Motor ol Snvill 

Illaiuctfi lor iisr inside Aeroplane Mod* Is,” 11 and M 
T Hot 

’ See " KxperimenlH to Dtderniine the I afer.il l''or<p 
on a I'rop'dier in a siilt' Wind," l>v I' It |{r.inivv( II, 
!■; I'' Kelt, and b W Kryaiit, .1 .( '..I . /i’» I'.ll.t -H, 
V. gut. 


. ^ 

NlTHOcKi.id'i.osi;, uscil to H'diiei' (Ik* {KMineability of rublxT faluies. See “ Diilusion throiigli 
M('mbnuies," § (lb) (iv.). 

- 0 

Oil, IdNsici'ni, as a proofing for balloon fabrics. Sis* “ DdTiisiou through Memhiatu's,” 


Hl*-d(n.). 


VKRF0r{M,\^('K DvTV OF \ H FPUFSF.NT VTl VK 

Aiu-.s('hk\v. See “ Air-.seix'w. The." § {\). 
PKRMKAnii.iTV, theory of. Sis* " Diffusion 
through Memlnane.s," § (l.'t). 
MeasumiiK'nts of effect of .water vapour on. 
Seo ibid, § (11). 

Of balloon faliries. Si^e ibid, (4). 

Of rublxvr films by various gavS<>s. See ibid. 

§(i2). 

Of rub tier- proofi'd balloon fabric's. Schi ibid. 

§(I0). 

Of ^trt'telu'd-riiblier films. Soe ibid. § (10). 
pKRMK.vim.TTY Detkrmtkations, effect of 
exjionment*! conditions. See " Diffusion 
tlirough Membranes,’' § (0). 

Permearilttv IVsTH of seams and envolo|ies 
of fabric in service. Stni “ Diffusion through 
Membranes," § (9). 


Fermi; \T ioN of rublx'r membranes by gases. 
S ('0 “ Diffusion through Membranes," 

§( 4 ). 

ITlcuf. Ancu.e of. See " Aircraft : Explana- 
tion of Terms in rornmon Fsi* " ; also Air- 
craft, Stability of," § (2) (u.). 

Pitot Tube ; an instrument used for tho 
measurement of wind velocity. Tt consists 
of a plain tulxv witli one ojH'n end pointing 
directly into the relative wind, it fmpiently 
is used in conjunction with a " static " tulio 
as an air-sjx'cd indicator. See “ Aircraft, 
.Instruments used in,^ § ((>). 

Plani’.s of Aeroplanes ; tlie strength of tho 
mam planes, tested under four types of 
loading. See “ Aeroplane Stnicturos, Ex* 
perimont«," § (2.) 
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pRK8St;KE nisTRiRUTiox, tlio iiwvsurcinent | 
of, on fnll-Hc ale aoroplanos uinl uir'iM’rtn\.s. 
Sfo “ At'nMlynamio lio80.in h, Full Scale,” 
$}§ (Ih) and (19). 


On aircraft. S<h^ ” Model Exi>criinontj» in 

AenuMUtiCH,” § (<i). 

Over an airHln]> hull. StM' ” Aii'nliipa, 
Kx}Kninu-ut^ on,’’ §§ (1) and (S). 


R — 


Rvdiai. En(.inks: Drapmtly, JupUci, I 
Siddclev, Wa.sp. S<>o ” Enpnea for An- \ 
craft, Air-t oolod," § ( 1). 

Kates of l*v:>aA<.E of varions ^as^^3 thiou^'h J 
.stretched nannhianes. St^o " l)i1Iusion j 

throu^di .Moinlirancs,” ^ (d). | 

Revctiov \r Si croKTsoi' ( ' omt^iofs He VMS I 
S< (' “ Aciopl.ine Stiuctiiri'K, Tliisny,” § (9) 
Rkvcuoss at Si n-oETs itF (’oMTMors 
lillAMS rM)Ln Em) 'rniu'.sT. See " Acro- 
])lanc StiiKtmcs, Theoiv," § (9) 

Ri:!) 1 ' M) vM i 1 s IN S'l lu cTt IVES : n»'inlM>rs or ; 
con->ti,UMt H in .V ii'jid fiaine <n'er and al»ov<- I 
those itM|Uiicd to li\ the j^eomctiy of the j 
stiuctnrc. In smli frames it is necessarv j 
to know tlm elastic |noperties of the material 
of its memluTs hef(»ie tho c.dculalion of , 
the fooe dislriluition can Ik* eompletelv j 
londmted. Se<* “ Aeloplauo Stiuetuies, 
'I'heorv (19). j 

Ri'.mmvnce oi’ \ii{siin’s: methods for' 
iiK'.isnnim' on full -si ale airshijis. Si*e j 
" \iisfiips, I'Api'i'iments on,” § (2). j 

( In models See ihut ^ ( *1). j 

UKsrsrvM I. I)m:ivvti\ I s the rat<*s of ih.anE'e I 
with the \elo(it.\ uiinponents, n‘lati\e t(» ; 
tin avcs, to whnh the motion is ir*fened, | 
of the .wiodynamn' fon es and eonjih'H aetine j 
on aii'M.vfl. 'I'hey detiiie the aerodynamn* i 
eliara< tei istn s of the aireiaft .and aie uwsl i 


in stahilitv mvestii.atioiis. See ” Airi'i'aft, 
The Stal'ih'i of.” tj)! (.'{) and (I); also 
“ Model Fvpeiim. nta in .Vc'ionantus,” § (S). 

iUns. OF Aekofiam. W imjs. desinn of. See 
" Aeroplain Strm tiires, 'I'heory,” tj (El). 
M«'lh<»d.S of stli'liul.ll tests mi. See " Ai'ro- 
plane StrintnicK, Evpeiiments,” 5} (H). 

11 loin .\iKstiii* Fahhii.s. SiM' “Airship 
F.ahiies.” § (ll). 

Eol.i, .\\oi 1 , or .S((> “ vVirenifl. : Explana- 
tion of 'reims 111 Comnion Tim*”; also 
“ .\irer.vft. St.ilnhlv of, ' ^ (2) (ii.). 

Rotaux 1)ehi\ A' llVEs, determination ttf, for 
aireraft models See “ Model M\|Knmn*nt,s 
m Aeionanties.” (K) 

Rotaky Enoims* ('1< rf/('f, Rent lev, tJnome, 
1>' Rhone*. Sts* “ Fnj'in**s for An craft', Air- 
cooled, ' (2) 

Ri luu u Films, |K*rmeahility liy various 
L'afs's. See “ Ditfu.simi thrmii'li M(*)n- 
hiam*.*'.” <5 (12). 

Riuufr .Mixti'ui, etfed of its eomposition 
uj>ou tin* pi'rmeahilit V ot halloon f.ihnes. 
See “DifTuc'ion thioiieli .Mt'mhr.int'H,” § (14). 

Ri nni K .See “ .\eioplane, < 'oinjiommt Rails 
.4 “ 

Ri nni.ii Rail S<'<* “ ,\i'roplane. Component 
Rart.s of”, alsft ‘Aireiaft. St.thihty of,” 

§R.i)(v.)- 


S - — 


Sextants fou Ainnurr. S<’e “ AiriTuft, 
Instillments iis<*d in.” § (Rl). 

Sii)E-8LH’. tS e “ Aneraft : E.xjilanation of 
Ti'rm.s in Common L’se.” 

Silk. See “ .Vemplanc Wings. Eahries for,” 
(1) and (12). 

Skin Fuiction, in relation to the n'siHtanee 
of airshiji.s. Sec ” Airships, Exponinents 
on,” § (.S). 

So VP Frr.M.s. See ” DifTiision through Mem- 
branes,” § (I.-)) (l). 

Span of the Wi.vo. Sec “ Aerojilane, (!om- 
jKincnt Parts of.” 

Sparh, aero])lane, methods of strength tests 
on. Sim “ Acniplane Structures, Exjxeri- 
rnents,” § (10). 


Remling and design (»f. S(*c “ Aeroplane 
Slrmtuie.«, Theoiy, ’ ^ (lO). 

Stress4;s dm* to laO-nil lic‘n<lmg of, Sc'O ibid. 

§(12). 

Splel) Coi ksk^ employed m the calibration 
of air-.sjK*efl indpators. Sec “ Aerodynamic 
Re8C!ar(*h, l''ull Siale,” § (4). 

Stability of Akuopla.sks, os determined 
liy full - scale experiments. Sex) ” Aero- 
dyuamie Researeh, Full Seale,” § (20). 

Stahilitv of Aircuvft, Aekopla.ves and Air- 
ships. Mathematical treatment. Se^* ” Air- 
craft. The Stability of.” § (ID), 

Stability of Air.ships in flight, condition of, 
satisfied by that in rectilinear flight. S«}0 
“ Airshijw, ExjionmcnU on,” (25), (2C). 
OWrYfttion f>f, on actual flight. See ibid. 
§(16). 
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Stabiutv Ex pkrim rntb on Aircraft Models. 
Soo “ Model Exprirnorits iii Aoroiiautics,” 

§(H). 

Htaookk, See “ Aero])l;ine, {'om|Kjnont Paris 
..f.” 

STAfjJV(j Anoi,k: tlie aniilo of incidoneo at 
winch lift on an a«!ro|)laiu wing is a 
inaxnniJMi, and beyond which it rapidly 
drops. S<wi “ AoK^ilynainie Uoseareh, Full 
Scale,” § ( 11), 

Stamjno Si*RKi) : the minimum ajwMid of an 
fUToplane, determination of. Seo “Aero- 
dynamic Kosourch, Full Scale,” § (14). 

Static Phkssure, variation of, m wind 
channelH noccsHitating a correction ^)<^ 
ap[>lied to the meaHUred rcHi.stanci' of air- 
ship models. Si'e “ Airships, E.x|)orimentH 
on,” § (d). 

Static 'riuiK Tchn Indicatoh: an apparatus 
om()loving two‘'sl-alic tnlies” for indicat- 
ing the deviation of aircraft from a straight 
coiirm*. See “ Aircraft, Instruments used 

in.” § (‘t) (»•). 


I Statoscope, for aircraft: an instrument for 
showing whether the machine is flying at 
constant height. See ‘‘ Aerodynamic Re- 
search, Full Scale,” § (6), and “ Aircraft, 
Instruments used in,” § (1). 

Stkknotii of Aiuship Fahhics, Sec “ Air- 
ship Fabrics,” § (1). 

Strenotii of Faurfcs. See “ Aeroplane 
Wings, P’ahncs for,” §§ (.■J)-(IO). 

Strenctti Tests, method of, applied to the 
main plane.s of a<;rop]anes in normal 
flight, or umlcr a down hiad. See 
” Aeroplane Structures, Ex(x;riments,” 
(- 1 ). 

Strenotii Tests in a nosc'-divo. See ihid 

un 

Stkehsks in Fa uric. See ‘‘ Aeroplane Wings, 
Falincs for,” § ( 10). 

Sthuts, design of See “•Aeroplane Stnie- 
ture.s, Theory,” § (14), 

Of minimum weight. St^o ibid. § (IT)). 


T 


Tail. See ” Aeroplane, ( ’oinponent Parts of.” 



Tautnesh. See “Aeroplane VV'ings, The Dop- 
ing of,” 5} (3). 

Trauino 'I'ests on fabrics. See “Aeroplane 
Wings, Fabrics for,” (D). 

Tkmphratuue errors of instniinents used in 
aircraft. See “ Aircraft, Instruments ustsl 
in,” §(3)(i.). 

Tensile 1’est.s on fabrics. S<hi “ Aeroplane 
Wings, Fabrics fer,” §§ (d) ami (7) 

Three Moments, Thkoukm of. Sec “Aero- 
plane Stiuctures, Theory,” § (8) 
Extension i>f iheoriMn tt» include end thrusts. 
S<Hi ibid. § (8). 

Tiihkk-plv Rubber - proofed Cotton: air- 
ship fabric eonsi.stmg of /hreo layers of 


cotton with ruhlier lietweon. See “ Airship 
Fabrics,” § ( 1). 

Thrust Meter, used to di'termino the thrust 
dcvolo|iod by an air-scmw. See “ Aero- 
dynamic Ue.soarch, Full Scale,” § (11). 

'PitAiLiNO Euue See “ Acroplaiio, Coinj)onent 
J’arts of.” 

Turn Indicator: instrument fitted to air- 
craft to show any deviation from a straight 
course. Seo “ Aircraft, Instruments used 
§ (4). 

Turning Circle, determination of, on air- 
ships in tlight. Si ‘0 “ Airships, Exix>ri- 
ments on,” § (10). 

Calculation of, from oxjx'riments on models. 
See ibid § (24), 

Two-ply Rurrer-proofed Cotton : airship 
fabric consisting of two layers of cotton with 
rulilier between. See “ Airship Fabrics,” 
§( 4 ). 


•U — 


Undrrcarriaor (aeroplane), stnmgth tesU on. See “ Aeroplane Stnicturos, Experiments.” 
§ (17). 


V 


V-TYPK Engines: R.A.E., Renault. Seo 
“ Engines for Aircraft, Air-coolotl,” § (3). 
Varnishes for the protection of doped fabric. 
See “Aeroplane Wings. The Doping of,” § (5). 


\ OLTTMK - LOSS, OS a mothod of testing 
balloon fabrics. See “ Diffusion through 
Membranes,” § (5). 
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Waterproofnes'^. Se« “ Aeroplane Wings, 
Tlie Doping of," § (4). 

WiiiKiJNO Arm, a.s useil for aeronautieal 
ex|K'nment8 S^'o " Model Exjieniuents 
in Aoronautu’M," § (1). 

Ajjplied to full - scale aii'serew ro«‘ar< h. 
StKi “ Aorodyuainic Research, Full Scale,” 
§(J3). 

Wind Tunnels, jw used for aeronautical 

exiKTiinents : 

lintish tunnels. See “Model FAiK‘riinents 
in Aenmautic.s," ij (ll) (i.), (ni.). 

Freiuh tunnels. S('e ihid. § (:i) (ii.). 

German tunnels. Sis' tbnl, § (3) (iv.). 
National IMiysusil Laboratory TyjKs See 
ihid, ^ (4). 

Wind \'ei,o('1ty, measurement of, in ai'm- 
luiuties. Si'o “ Model Expriments in Aero- 
nautics,” § fd). 

WiNO Sr\Rs, clesiirn of. See “Aeroplane 
Struetun's. Theory,” § (l(t). 

Lab'ral Ixmding of, in jilane of wing. See 

t/nVy. § (12). 

Wind Structukes, Lr<'noral con.stniction of. 
Soo “Aeroplane Structuros, Theory,” § [2). 


WING SURFACES, 

THE HYDRODVNAMTCAL THEORY OF 

§ (1) Circulation and Lu't.— The possibility 
of flight rests on the fact that a wing or aerofoil 
moving through the air exiienonccs a lift force 
at right angles to the direidion of motion, 
and a drag force opjio.sing the motion. The 
analytical methods of classical hydrodynamics 
failed to give a satisfactory account of these 
forces. It ap|>oared that any liody in steady 
rectilinear motion through an incompressible 
non-viscoos fluid would experience no re- 
sultant force, but would merely lie subject to 
a cou})le tending to rotate the Ixidy into a 
position approximately at right angles to the 
direction of motion. Helmholtz’s method 
of discontinuous surfaces was on attempt to 
overcome this difficulty ; but although this 
theory leads to the determination of a force 
acting on the body, it is unsatisfactory numeric- 
ally, and it is known* that the surfaces of 
discontinuity are unstable and break up into 
systems of vortices. 

Prom the point of view of aeronautics chief 
interest is attached to the behaviour of aero- | 
{oik which experience a large lift and a rela- I 


lively small drag. The typical aerofoil st'clion 
is a long thin shapt uilh a rouml nose and 
fairly shaip tiailing edge. For .‘.im]ili(ity the 
problem is tiist tieated as one m tvixbmen- 
sions, and theoiv th n sta s that tlie aerofoil 
will ex|)erience a lift L jie unit length when 
moving with velocity V in a fluid of density p 
if theie is a eiiculntion ^ K round it, such 
that 

L p\K. 

It can be seen from the pressure distiibutiou 
round an aerofoil or fioiu obsiuvations of the 
flow pattern that this einulation does exist 
m fact. The jiroblems to be soiled an' to 
account for the oiigin of tins (iii illation and 
to deternmie its mngnitude fiom the shaj>e 
of the lUTcifoii. 

The ongm of the einulation is to be found 
in the visc'osity, howexer Hinall, of the fluid. 
In the fluid itself this viscosity generally exeris 
a nc'ghgible elb'ct, but in tlu- imnu'diate 
iieiglilKiuihood of an aerofoil (he* use oils force's 
are of ini])oi1an<'C'. Thi* ii rotational flow 
round an aerofoil without ( in ulatiori is such 
that very high xeloeities orci;r near the sharp 
trailing edge, and it is m this ngion that the 
flow breaks down. VortK Cs are foinu'il at the 
1 1 ailing edge, and when tlu'sc' voiliec's have 
j>a.ssed down-stfeam there is a (criain eireula- 
tiori round the aerofoil. This process of the 
formation of voilues (ontmues until satis- 
factory conditions have hec'ii eslablishc'd at 
the trailmg edge, 'rheoretieally it may be 
stated that the emulation which arises lound 
an aeiofoil will Is' that winch gives the most 
stable conditions of flow, but m practiic' it is 
probable that there is always a small os( illation 
in the x’alut of the circulation due to the 
continuous formation of weak vortices of 
alternate sign. 

§ (2) Two-dimensionat, Rrorlemh. Wing 
OF iNnNiTE AsrEUT Ratio.— T he problem of 
determining the magnitude of the circulation 
round a two-diruensiona! aerofoil has been 
discussed by Kutta and Joukowski for the 
case of certain sjiceial aerofoils with sharp 
trailing edges. The method is that of the 
conformal transformation of the flow pattern 
round a circular cylinder, the circulation lx*ing 
adjusted to bring the rear stagnation jioint 
into coincidence with the sharji trailing ^dge 
of the aerofoil. Joukowski’s * transformation 
is 


* See •• Hyciro(lyDainic:s in lU Application to 
Aeronaatics,” f (7). 

• Ibid. I (10). » 
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wluTf' 2-j? f iy, un<l iM af>j)li<‘d to any circlo j 
p/VHHirtj' tfu* |»<nnt z r. 'I'horc are, | 

two arliiliary parameters, icpreHcnt- j 
inf; the position of the (cntre of tho ein le, and 
a douhly infinite neiK's of aerofoils is obtained. 
The numerical results obtained by this method 
^ive a reasonably satisfaetory aecoiint of the 
lift of an aerofoil, but there isstill no explanation 
of the ilraj' force. In the ease of two-dirneiLsioiial 
How the dray is due entirely to the viscosity of 
the llnid, and is, of course, a fiinetioii of the ' 
HhafK- of the aerofoil. The narm " piolile | 
drait ” applied to this friehonal <lrae 

force. 'The viscosity also exerts a slight 
modifyui)' inflnenee on the circulation and lift, 
and, III eonstspiimee, the observed lift is .ilwa\H 
slij'htly lessthan thatealeiilated on.lonkowski's 
hvpothesis. doiikowski’s method is e.ipable 
of ('xteii.sioii to rmne complex tninsfoimations 
and to inori' (oin|)lex aei’ofoils, with the sole 
limitation that the aiwofoit must have a shai p 
trailiiifj; edy<\ in the ease of a |•oululed trail- 
iriK ndt»e a new or extended hypothesis would 
be necessary to determine the magnitude of tlu' 
eiivnlation. 

§ {'.]) Wise OK Kinu'K Asimci’T li vrio. Pass- 
ing? next to the problem of an aeiobul in thiee 
dimensions, it i.s e\ ident at once that the w hole 
qui'stion of th(' flow pattern needs reconsidera- 
tion. Since the lift exists there rnii.st be 
eirculation rouifd the central portion of the 
aerofoil, hut at a point outside the win;' tips 
there can Ik* no .such ciiculation. In order to 
eonfoim to the laws of hydrodvnarnics it is 
ni'ei'ssary that vortices should .spriin; from the 
win;< tips to continue tlu' ciiculation sydi'in 
of till' winy'. If the ciiculation h.vd a constant 
value K across the whoh' span of tho winy, 
there would bo a vortex of .strenuth K sjninyiny 
from each winy tip. in fai't. however, the 
lift is a maximum at the centre of a winy and 
f ills olT to zero at the tip-', and, in <‘onse(|uence, 
theix' is a sheet of vortices spiinyiny from the 
trailiny edye of tho w my 'I’he \ ortex elements 
partake of the ycnerul motion of the Hind, and 
80 the vortex sheet passes ilown-stn'am behind 
the winy. Owing also to the mutual inter- 
action of the vortices, tho sheet tends to ndl 
up into a vortex pair, and is Hnally dissipated 
by tho action of the frictional forcc.s. The 
general tyfw of the How patteni is thus very 
closely that described by Lancliester in his 
discussion of this problem. 

Tho theoretical treatment of the thn'o- 
dimensional problem is due to Prtindtl, who 
has yiveu a liist-oixler solution which is strictly 
applicable to the ease of small lift forces only. 
In practice, hovvev'er, it is found that TrandtPs 
solution is satisfaetory for the whole range of 
forces oecurriny in Hight. To the first onler 
tho trailing viiVtiees are straight lines, and 
their mutual interaction is neyleeted. T’he 
How p|ttern is then detorniinate, and it is 


found that tho effect of the trailing vortex 
system is to cause a downward induced velocity 
v> at the aerofoil, 'riiiis the effective incidence 
of the aerofoil element is leduci'd hy «>/V, and 
tho line of action of the lift force is rotated 
through the same angle, giving a dray com- 
poricril Prandtl’s method is to work 

at a dcfmifc value of the lift, and, in conso- 
(jUciKc, the im iih-me and dray art' both in 
(“xecss of thf' valiK's found for nvo-dimcnsional 
How, the formulae being 

w 

a 0-0 ^ yf 


Thes<‘ formulae ajiply to an clement *)f tbo 
winy, and have to lx* mteyiMtcd across the 
span to obt.iin the final K'siilts 'Plui term 
/|)„ ii'prcscrifs the profile di’.iy diK- to viscous 
forces wliieh can only U* determined cnqurically 
at present. The name “ induced diay " ha.s 
bc<>n yiven to the other part of the diay force 
wlmh IS due to the mtioii of the trailing 
Vortices Till* yeiUMal foimnla for the mdneod 
V clout V //’ at the point y' is 

ic ’ / 

Itt / ill/ I/' 1/ 

By this method the characfeiisfics of any 
thieo-dimension.d winy can be woikcd out 
when the 1 wo-dimi'iisional cliaractci istics of 
the aerofoil elenu-nts are known. It has been 
found that the niiuiimim induced diay oeeiii'S 
whui tho indiici'd velocity' has a constant valiH' 
at all tlic nuofoil elements, and in this case tho 
cm v’c giving the load |H'r unit area across 
the span of the winy has the form of a semi- 
ellipse. For a wmy of constant aerofoil 
section and incidence this lo.ul distribution is 
obtuineil when tlu' winy has an ellifitie ])lan 
form. In this s|ie( nil ease the formulae are 

'tts- L 


when' S is the area of the wing and s its semi- 
span. 

Owing bv the fact that these are minimum 
results the formulae can lie applied with 
reasonable aecurar'y to wings whose load 
grading curves do md differ too greatly from 
a semi-ellipse. In pagtieular it has liern found 
b) satisfactory in most eases to use these 
formulae for rectanguhvr wings, and for rect- 
angular wings with shaped tips. 

The ea.'»e of tho rectangular wing has been 
workeil out in detail by Betz by the use of 
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coiivcrKcnt st'ries, and it appoara that ft>r 
a wing of the usual proportions the induced 
drag is a)>out 5 jwr cent aUive the intiuinuiu 
w’hich occurs with elliptic loading. An alter- 
native treatment of this problem ha.s In'cn 
given by Tndft/, which is based on the con- 
ditions existing m the \(U-te\ sheet far Indiind 
the wing. On tlie assumption that the trailing 
voi-tic(*s continu(‘ backwards in straight line.'', 
it ('an be shown that the downward velocity 
in this linal sheet is exactly doiibh' the indiued 
velocity at the w mg. In this way tho jmiblem 
is icdiici'd t«» one in twM-(lnncn.sion8, and is 
solved bv means of potential functions. 

§ (4) ('dmim.ix Ai.koplank Stulhtures. — 
PrandtPs method can easily lx* extended to 
analyse the l«'haviour of complex multiplam' 
Htnirturcs, and in tins work it is frequently 
Hulbcicnt to ic'g.iid a wing as caiiMiig unifoim 
load, so that the vodex sheet is icplaccd by a 
simiilc \t»rt<‘\ pair. For multiplane Ktiiu-tuies 
an impoitant th('(tiem has Ix'on e.stabhshed 
relating to the ctTcit of staggi'i', stating that 
if the clf'iiK'uts of a multijtlanc jihine stiuctuic 
aie nmved forwards oi backwards in the line 
of Ihght and adjusted to givi* the sanu' lift, then 
th<' totid mduc(‘d diag is unaltcicd By mfIik' 
(»f this th('oicm it IS sulluicnt to discuss the 
case (»f zero stagger only. 

In a multiplane shucture the induced 
vehuitv at <in ai'ndoil eh'incnt is due p.idly bi 
its own trailing voitucs and partl\ to the 
vortex sv, sterns of the other wings. Sj»ccial 
interi'st <itt aches to the case of biplane struc- 
tures which are most frequcntlv usi'd in aero- 
plane construct mn. 'I'hc plain's ('arrv .slightly 
dilTcrcnt loads, but the effect of this (btfen'iice 
on th(* iiiduci'd drag is negligible, and th(^ 
formuhw' liecomo 


n„ Utts- I' 


W'liere S is now' the total wing nrt'a of tho 
biplane and a is a quantity depending on tho 
ratio (*f the sp.ms of the two wings amf 

on the ratio of the gap (//) to the mean span. 
The valiK's of <t are given m the following table. 


Ta hi e I 

VaM E-S of (T for a Ihl’LANR 


A 

0 

0 1 

0-2 

0-3 

-1 0 

1 (HNl 

• 

0 655 

0 48.5 

0-370 

OS 

0 fUK) 

0 600 

0 459 i 

0 355 

0-6 

0 600 

0 48.5 

0-394 

0-315 


I 


^ (A) r’l.MPARlSOS WITH KxrKRlMENT.— 1 hifl 
theory of mduceil drag gives a good account 
of the difTeiviK'es observnl in tiu' lift and drag 
f(»rtc.s of monoplane wings of dilTcix'nt as|M'ot 
ratio and of \ariou.s tyjK's of bijdane Htiiicture. 
It has In'cn tc.sted in a variety of cases, and 
has given sati'^factorv ix'sults in all cases, with 
j the excc'ptmn «if a tow jM'cnhar ai'rofml .sections. 
It luus also .K'cn at [died dh sncicss to tho 
ca.si' of certain (o’ajilex multiplane slnndiin's. 
As an example of tin im'gnitiuh' <4 (jiiantitics 
involved, tables art' given below of tin’ inci- 
dence, drag, and lift -drag ratu) for a typical 
ueroplaiK'. Thi* four columns give tlit' values 
for two'dimension.-d Ih'W. for a monopiaiu* of 
1 twt» ddlerent aspict latios (d and 12). .ind for 
j .1 biplane of aspect ratio ti and of unit gaj) 
chord ratio. 


I'mu e M 



~ 

Mu!.. 

■I,.!. 



lliliirliniotiii 

A.C.. 

A () 

llll.IllM 


Amjlr of t nc ah nee 


t, =^0 1 

0 -J 

0 7" 

0 4^ 

0 r 

0 2’ 

0 7 

1 3 

1 0 

2 6 

0 3 

2 6 

3.5 


5 4 

0 t 

4 H 

6 0 

* 7 2 

8 6 

0 5 

74 

HO 

10 4 

12 1 


> 'ot th( irnl 


k^-^) 1 

0 2 

0 0115 

0 0120 

0 0126 

0 0132 

0 0OH6 

0 0)07 

0 012K 

0 01.52 

0 3 

0 0087 

0 0131 

0 (llKi 

0 0236 

0 t 

(Mdll 

0-0100 

0 0284 

1 0 0380 

0 5 

0 0I.5K 

0 o2'Ml 

0 0423 

0 0.573 


i.tft dmg Ratio 



H 7 

8 3 

79 

1 76 

0 2 

2.3 3 

1S7 

15 6 

13 2 

0 3 

H 5 

22-4 

16 5 


0 t 

1 

20-1 

14 1 

1 10 5 

0 .5 

31 ; 

17 2 

11 H 

8 7 


§ (0) ArruicvTio.s to WTnu-ciiannel Ex- 
PKRIMF.NTS.- Another very important applica- 
tion of Prandtl’s theory relaU'S b) the inter- 
ference of the walls of a wind channel on the 
forces experienced by a mod('l wing under test. 
The interference is calculated by a method of 
images cho«*n so as to give zt'ro normal vi'loeity 
at the wall* of tho channel, and it appears that 
tho drag measured in a channel with fixed walls 
is always bsi small. ITie formulae for„the 
correrrtions to bi*. applied to the measured 
values are : 

<1^ 

Square channel : Ao - 0-274^A'^ Aa, 

Circular channel ; Aa ~ 0-250^^;^^ 
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“WIRES METHOD ’♦-YAW METER 


whrro S is tlio iiroa uf the winjj or win^H 
tCHte<l and (' is t}in croHs-soHional area of the 
nliannol. 'I’Iki an^lt' a in nxpro.sHtsl in rircular 
rnoasiirc 

'lypi'al riiimni Kid irsiilts for a hiplano of 
two Hjiiiil uinj,'.s ((»" / ;{<;") in 4 ft. and 7 ft 
chaniK-ls ;iro ^iv< ti in thr talilr fw'low. It will 
m'li that tiu* int(M-f('rr«n(*o la of importance 
ovnii in the larifcr channel. 

T\hi k III 

! I'lm Ml ! V ft ChintiiS ^ 4 ft Clmtiiin 
d/i<//r oj Itifulrnre 

ill, <) I or- -or 

0 1* »i 2 1 2 0 

0 :« r* t n 1 i 

<M S (J H 2 7 1 

0 IJ-1 1 1 It 1(1 6 


- \ 

Vaw, ANdi.K oi . Set* “ Aiicraft ■ Kxplanation 
of Terms intsimmon Ust^ ” ; also “ Aircraft, 
Stability of,” !} (2) fii.). 



Tabi e hi. - continued 



1 

7 ft < hnnni'l 

4 ft. Clittniicl 

4, -0 1 

IH'KJ < '()< jficifnl 

0 0132 1 0 0130 

0 0127 

0 2 

1 0 0152 

0 0145 

001.32 

O.'l 

1 0 0230 

0 0221 

0 0190 

0-4 

0 0380 

(I 03.53 

: 0 0298 

0 5 

0 0573 

0 0530 

1 0 0445 

0 1 

Lift-drag Uatio 

70 1 7- 

7-9 

0 2 

13 2 

13 8 

irvi 

0-3 ! 

12*7 

13 0 

15 8 

0 1 

10 5 

11 3 

13 1 

0-5 ! 

8-7 

9 4 

11-2 


H. 0. 


WliiF.s MhTHon,” fur )nca«imMnent of the 
ai'rotlyiiaiuic fortes on a inotlel. S*'(> “Model 
^’Kp^n•llnonts in Aeronautics,” ^ (7) (iii.). 
('v.K (v ) 


Vaw Mktku. See “ Miult*! Exiiorinionts in 
Aeronautics,” § (5) (i.). 



DICTIONAM OP APPLIED PHYSICS 

PART U. METAL]. URGV 

Ao AND Ar I’OINTS -alloy KVSTKMS, ’I’YI'ICAI. 

— A - - 


A^, \vn Ajj PiiiNjs; th(^ D‘tnjMAraturrs at 
v\liii li rhaiivrcs m tlio Mtrncturc uf sUh‘ 1 tak<‘ 
I»la< r nu 111 atini; or coolinuL 'J'ho A,. |>oiiUs 
rdrr 1o i h.uiurs oc(‘uiiin^ on lioatirm i 
rli((i(jjii(n ; iho Aj^ [loints to chanfii's oLCur- ; 
nil;' on cooUii;' — re.frniduiHenimi. Sot* 
Iroii-earhon Alloys,” § (7). 

a-iuoN S(>o " Iron-oarbori Mloys,” § (3). 

ABUVS1VE^, PrUNirhS FtlU MaNU AfTI'ltK <lK. 

St»fi ” Piirnaoo'j, IClootri* § (;>) 

Aero SrELi-h: stcoh for fUTonautical (iu*ro- 
plauo) oon.st.ruLtion, mamly alloy sWels, 
Aiialysia and nu'cluinioal |»ro|)crf ic8 of. StMi 
” SU'ols, Special,” § (40) (iv.), Tables 14, 
lo, 10. 

AtiOKEo \TKs, Moi.px'PLar, assiimo firnt granu- 
lar and rounded forms when hoparating to 
tiio solid .state directly from the gastious 
stak*. See ” Solids, Tlie Aggrt'gation of.” 

Aoureoations in Colloids, iNoiinANin and 
UKGANit', tlio .'^17.0 an<l structure of, investi- 
gated by the X-ray interferonco method of 
Debyo and Scherrer. See ” Solid.M, The 
Aggregation of.” 

AllotropiC Transformation, in a metal, 
liehnv its fn‘czmg - point. iSee ” Metals 
and Alloy. s, Micro -structure of,” § (5). 

With regard to rearrangement of erystallino 
structure of metals. See ihtd. § (5). 

Allotropy of Iron. See “Iron -carbon 
Alloys,” § (:i). • 

Alloy “ A,” or ” 3/20 ” : an alloy containing 
besides aluminium 3 per cent of copper and 
20 |ior cent of zinc. See “ Aluminium 
Alloys,” § (6). 


ALLOY SYSTEMS, TYPICAL 

§(l). -Tlicre are about tluity-seven motiiU 
or metalloids of uhicli there exists a sullicicnt 
ijuantity to cnalilc them to be mixed together 
so a.s to ohlaiii enouuh of the n'.sullmg alloys 
to determine, uith a greater or h'ss di'gieo 
of aeeuiaey, the constitution and jiropeitii's 
of tin* series. If we re.stm t oui'selvi s to taking 
these metals together two at a time, w(> obtain 
tititi binary hVstem.H. 'rakiiijf the elerm'iilal 
metals togi'ther three at a tune, we g(‘t 7770 
kmary systems; while taking four mi'fals 
together will give line to t)(>,0.'>4 ijniiteniary 
sjst(*ms. Tlu'se nurnber.s are aln*udy con- 
sideiahle, hut it mu.st In* rememhered that 
some of the alloys of eommeree contain more 
than four eon.sliluent metals. 

Out of the Hixly-six thousand rpiaternary 
systema the constitution of f>nly two is even 
ajiproxiraately known, while about twenty- 
tivo of the ternary systems have had partial 
e<|uihbnum diagiams jmblished Of the 
binary systi ms somewhat over one • third 
have In-en more or less invi'stig.ated, hut of these 
it is doubtful if there is one diagram which 
Is complete. One reason for this is that the 
majority of the eommerei.al alloys (the deter- 
mination of who8<* constitution has received 
by far the greakr amount of attention) are 
in general very complicated, while in the ease 
of the simpler alloy syskms there has not 
be<*n the same inducement to thoroughly 
investigate their constitution. The majority 
of the binifry systems containing alloys of use 
in the arts have hatl a large amount of work 
done upon them, and at any rate the main 
features of their constitution are well 
established, while the effect upon the e(>n- 
stitution of various small adilitions of other 
metals has Ijoen partially studiwl. It is 
pniposed to consider hero the constitution of 
a number of systems which are of yiterest, 
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, either t>e(;auHo ef their cornmcrciftl value, or 
for Home other re^won. In all the diagrains 
the eofopoMit ion n Mliowri uh pereentaKi’ liy 
weight, ImjI iii ein li euHe a curve ih drawn 
eonneetiriK wei)/ht peieeiitaf'e with atoinie 
pereentaj^e, the former lieiiif' shown as 
alwei.sH.ie iind the lattt'r as oidinates. 

I. JilN\UV SvsTKMS 

§ (2) Col'i’Kii ZiNr. Next to the iron earhon 
systi'iu the ulloyn of copper and '/.inc are 
prohahly the most imp(jrlant of the eom- 
nn'reial metals. 'I'he followiiif^ are the prin- 
cipal alloys ill th(' series ; 

(i.) Otldiiiif Metal (copper content 00 per 
cent to l)."i |iei- cent). - Used chietly m the 
manufacture of jewellery. 

(li.) called after a lymdon watch- 

maker of lh(‘ eitiliti'cnlh century, is also 
usi'd for makinj^ jewi'llery. It (‘ontain.s 8H 
{>er cent < 'u 

(in.) Taaihar (Uu SO per cent) h an alloy 
intrisliiced lioni M.ilay. 'I'lie composition 
vai'K's c(»nsiderMhly, often containing a little 
tin. 

(iv.) Diileh Metal (Uu 7f» jier cent to St jier 
cent), als(( known iis Hath metal, can lie 
hammered into vi'iy thin sheets, winch are 
used as a siilHtitute for gold leaf, though it 
tarnisln's much nioie readily'. With the addi- 
tion of a little tin, it i.s known im Mannheim 
•gold, 

(v.) lirislal Metal (Cu 75 per cent) and 
Pniae'M M<tal (t’li 75 jier cent) are also iis<*d 
fur oinariiental work. Tin' latter is said to 
have hemi first made hy Prince Kn|M*rt. 

(vi.) /Ira.-'.i ((’u (12 |M>r cent to 70 per eimt), — 
'l'h«'.s«> form th(' iiKust im(>oitant of the copper- 
/iiK' alloys. They an' u.sisl fmth for easting 
and rolling, tin' latter heing always done cold, 
though it is pos.sihlc, Imt iliflicult, t(‘ roll them 
hot. 'I'he most u.sual compositions are (u) 
oaitridgi' hr.iss, which contains 70 per cent of 
copper; (b) “onlmaiy hras-s,” in which the 
copper and zinc are presimt in the ratio of 
tw'o to one. 'riiis allev is the most gimerully 
used ('a.sting brass, (r) Common e»>ld-rolled 
brass ((12 per cent Cu). 'I’lie 70-jH'r cent Cu 
alhiy is the most ductile of the sericvS. 

(vii.) Muntz Metal (Cu tiO’per cent to 02 per 
cent).— These alloy.s are rarely, if ever, u.sed 
in the east condition, hut are hot-ndled. 'Fhey 
are stronger, hut loss ductile, than the l)ras.ses, 
and resist corrosion l\v sea -water well, heing 
used for sheathing of ships, etc. 'ritoy are also 
very suihible for extrusion, though an alloy 
witlf a cop|>or content as low' aa 54 per cent 
is often used for this purjHxse. 

(viii.) Jirazimj SMder (Cu 50 per cent). — 
This is the .solder used for brazing brass 
articles. For brazing inui, “ ordinary ” brass 
is nseil. 

(ix.) (M'Aiffl Bras-i (copper content less than 


45 per cent). — Thoso alloys arc used for casting 
statuettes ' and other ornamental work. In 
addition an alloy eont.iining 1 jier cent of 
copjicr ha.s certain u.seful mechanical jiro- 
js'rtie.s. 

'rhesc c<»n.stitijte the juineipal liinary alloys 
of eo(»per and zinc. 'I'hetc an*, however, over 
.5(M) Hjieeitications for alloys which consist 
mainly of copper and zinc with additions of 
other metals. A few of ♦licst* will be (on- 
sidcred under the ternary systems eoncenied. 

'I’lie eijuilibnum diagram <if the seru‘s lias 
l>eon studied by many worki'rs,^ and the 
diagram given in Fuj. 1 i.s a eomposite one 
made up from the results of the.se investigators. 
It will be seen tfi.il, in spitt; of the large 
quantity of work that has been done, .several 
of the limvs are drawn dotted to indicate that 
they aie not detimti'ly established. 

'I'lie liijuidiis consists of six hi.inchc.s : 

(u) Between KH) |»cr (’(‘iit and <i.‘{ jicr cent 
copper, crvst.ils of the .solid solution a arc 
dcpo.sitcd from the hi(ui(l. 'I’hi.s lonstitumt 
is prohaldy the compound UiiZu di.ssoh cd m 
copper. 

{b) From 05 jicr cent to 50 [)er <cnt of 
copper the jirimary .separation i.s called li. 
Here the solvent is jiiohalily the eomptmnd 
CiiZn. 

(r) 50 per cent eojiper to 10 per cent copper. 
In this ea.se (AkZiij is the soKont, and the 
solution is known a.s y. 

(d) 10 p(‘r (’eni eopjier to 11*5 jier cent 
eopfH'r. 'I'he soIkI solution 5 .sejiarates fiom 
the liijuid between these points. The ba.sis of 
this solution is jirohahly tlu* compound t’liZn^. 

{e) 11-5 }K*r cent eoppi’r to 2 jier cent eopjier. 
'I'he primary separ.ition over this range is the 
solid soliiiiun f. The solvent in this ease may 
be either UuZn, or (’uZn^. 

(/) 'I’lie last primary crystallisation 7/ oeeurs 
betw'een 2 [kt <‘ent e(»pjKr and piiK* zinc, and 
the erxstal.s eonsj.st of zinc (’ontaimng- prob- 
, ably -eitlier CiiZiij or ('uZn„ m solution.^ 

1 A somewhat ditfcrcnt intci prctation of the 
j solulion.s 7 and 5 is gm n by Mroniewski, wdio 
j suggests that the solvi-nt in the former ease 
1 IS UuZn_;, while the latt' r consists of a solution 
of UuZnj in the high temjierature modification 
' of UnZn^. 

The solidus is built up of nine branehe.s, aa 
can be seen in Fiff. 1. 'Phese call for no 
ajieoial comment except to remark that there 
is no eutectic in the series. 

Considering next the various solid solutions, 

‘ Rolicrts Austen, Inst Merh Kng Proe , 1807, 
xtllt ; Mliephonl, Joarn of Ph}js. I'hern., mt»4, vUi. 
421 ; Tafcl, Metnllurgxf. 1008, v, 34.1 ; t'arppnter 
and Kd wards, ln*t. of M mis J., 1011, v 127 ; Pesrh, 
Inst of Metals J . 1011, v 172; Hudson, Inst, of 
{ Metals 1014, xli 80; Bronirwski. Per. tie .MetaP 
1 larffie, A, 1021, xclv. 47; HauRhtou and Bingham, 

' Rof/. Soc PriH '. , Webber, Ann, der Pht/sit, 1020, Ivll. 
j 060. 

* For evidence of ttie existenee of these compounda 
see Dcsih, IniermetaUtc Compounds, p. 53. 



AtIlOY SYSTEMS, TYPICAL 


223 


and the ranges over \\hioh they oeour, it will 
be f«‘en that a CiintAMis as much as 30 ])«r 
cent of zinc at fXHr' C. and 30 jk.t cent t>f /iiie 
at room t«*mfK‘rature 8 . Tins r.mce contains 
all the copjwr-Mch oriiamentul alloys, and 
the c<.ld-rolli!n>; hrassc's. 

As the u solutK'H iHX'omcs more and mine 
saturated the tensile stnnjzth (d the alloys 
incre.isi's ; the dmiility also increases uj) to 
3 «» |M‘r cent /n, an«l then falls oil. 

Ftijt. 6 uihI 6 in the article on the niiero- 
structureof metals and alloys art* microjrraphs 
of a TOolO hiass. 

The area In't^ei’ii 30 p-r c<*nt and til |K*r 
cent (»f /JiK' has been tin* subject of much 


With inon* than 4ft i>er cent of zinc the y 
jihaae makes itA first iipiH'aranco. As soon iw 
this tjikes place the ductility of the .dloys 
falls olT \erv rapidly, and it may Iv said that 
pure fi lejireseiits the limit of the useful alloyt., 
lletween t‘d ;M*r cent and 09 per cent of 
zin<- the a’'o\s eoiiMst >1 jam* y. 

From ti9 per (ent te jH'r cent sfiiic the 
( oiistitution of the senes Is'eomos vi'ry coiii- 
jilicaltnl. rp t » aisait So p< • cent of /me the 
lirst material to sep.ir, te fi.mi the lupnd is ■). 
Th'< separation ooiilinues until the lem)H*ra- 
tun* has falh'ti to TiKi (', uhen the reaction 

7+li(inid 


takes place. Altlion^'h the coinjiositioii of ^ 
has not been caiefnlly determined, it ajipears 


controversv. Alto\e Iho aiea can Is* 

divuled into three lields, a + ft, and (i i- y. 

The d ‘‘I'l'l. 

oeenpa llic j:oat<T 
part of tie* aiea at 
HoO" (' , hccoilies 
sriiallei as the- 
tem|»ei,itute falls 
'riiiim.il cur\cs 
taken in tins area 
all .show ,01 ain'.st 
at 170' ('. 'I'his has 
Ix-eii int< rprt Od hy 
(’aipi'iiter as Ik ini' 
due to an tMitectoid 
decomposition of d 
into ft s 'I' he 

resolution of the 
ente<'to|(l IS said 'o 
lx* u'rv (litTicnlt to 
jiroduio' III pine 
Oojipei - /me all' iN s, 
hut with till* adili- 
tion of small 
rjiiantities of other 
elements resolution 
is much nion* pio- 

nouneed In opposition to this, it is mam- | that tlio poin^ at whuh the reaition is com 



Flo 1. 


tamed hv lind.son and others that the lim* 
at 470^ (' IS <lue to a polymorphic trans- 
formation in th(' ,4, the dnmrarn as drawn in 
Fh/. I la-inc an approximation to what takes 
placi*. Hudson has sliown that it is pmsible 
1 ^) produce apjiarent .i, or as he calls it, at 
tem|H*ratiires well Ix'low 470'’ (' , and that, on 
piwsintj throinrh this temperature, the /i re- 
crvstallises, a.s would lie expected in a poly- 
morphic m,itenal. This evidence seems con- 
clusive. and the lines are dotted in Fiff. 1 only 
becau.se their exact shape and position has 


I jilele lies \er\ le ai the y end of llu‘ line. T(» 
the left of this [loint the alloys eonsist of 
*^0, and t-i the ni.>ht of it 5 4 ii(|uul, ^\’lth 
falhnc tenijierature the lirpnd solidities as o in 
1 alloVh containmi! less than 77 ]ier cent /ino, 
! and, on eoohnj/ heimi eontiniu*fl, y or t is 
de|>osite<l from the according to the eom- 
pcjsition, till nt 4.70° the euteetoid of 7 + e 
8 Ci>arate.s. 

With more than 77 jicr cent zinc the re- 
action 

• 5-f- Ii(pjid-~e 


not been determined. The ai alloys cannot | 
he worked cold, hut are always rolleil, or 1 takes place, pure e beine formed at HI 
extnided, hot. An allox^ containinK 40 per | cent zine, nml excess of d or of liquid reniairiinj? 

cent of zinc has the hii.'he.st ton.^ile strength j according to whether the zinc content is 

in the m'ries. F/r/ 11 in the article on the j greater <»r less than this, 

microst met lire f)f nictah and alloys repre- | At 42,’>'’(’. a further reaction takes place, 

sents a 00/40 Muntz metal in the cast | the reacting materials Isitig f and the liquid, 
condition. i and the product being 17 . Fi^. 2 show^ the 



AULOY SYSTEMS, TYPICAL 


microstnjcturr <tf an alloy containing 97 i»cr 
cent zin<-, which Ijum undergone this n«ictioii. 
Finally, In tween 98 {icr cent and 190 i»er 



Kio -- (’ll, jH’r tent. l.'ai 


cent zinc, pure -q HCf>aratc8 over a very small 
range of tcmiK'ratun'. 

The int'chanical })roperfie8 of some of the 
more important cop|»er-zino alloys ant tahu- 
lated hchiw. It i.M only iiossihlo to include a 
very few in the table. 

Tai 


only, as the conditions are not sjK'citied accu* 
rately enough. For example, in the majority 
of cawH the time and tcinj)Cfature of annealing 
are not stated. 

§ (3) Thf. t.'oprKH-TiN .Sf:uiKS. — Alloys of 
copp'^r with tin arc not so wulcly used as those 
i)t cupf)er with /.me, j)ai'lly iK'tause th<* range 
of useful alloys is much smaller and partly 
•»wing to the much Incher {nice of tin com- 
pared witli ymc. Neva rtlicicss the suiKTior 
(pialitics of the hronzes icmh rs their use very 
ilesirahle in certain eases. In general, how- 
ever, the alloys used in commerce contain 
small quaiitit'cs id /.me, '1 hi* ]»nncipal of 

these are ; 

(i.) Cninaije lironzt (coj.pcr content, 92 iier 
nciit to 9b jH'r cent). — Generally contains about 
1 {wr cent id zinc 

(ii.) ^'//// (Cu 8S per cent to 92 per cent). 
— This IS the ino.-^t widely used of the lironzes, 
that vaiiety known as Adnnralt> (bin Metal 
containing H.S jier tent vu. lU jK'r cent Sn, 
and 2 per tent /n. In some ia.ses 2 per cent 
(d the tin is rejilaced bv lead. A similar 
mixture, known as elect iic biou/e, consists of 
(’ll 87 f)er cent, Sn 7 per cent, Zii 3 per cent, 
Fb 3 per cent 

(ill.) Benunq dfeti-i/. — 'I’ho so called “brasses” 
(d bearings gisierully contain between 80 ]>er 
cent and 88 |H*r cent of cop])er, 8 per cent to 
ir> |)er cent of tin, and 2 per I'cnt to b pr cent 
of zinc. 

(iv.) Ikll Mrtnl (copper content 7i) per eent 
to 80 jK'i' eent) —Admiralty Standard Bell 
Metal eontaiiis 7H per cent id cnppi^r and 22 
|H>r eent (d tin. 

(\.) Speculum Melal (copper (>(17 |x*r eent, 
tin 33 3 IKT eent)— This was largely u.sod for 

r.K I 


(’orrKU-ziNe Ai.iovs 



__ 


MaxIiuiiu) 




Zin<- 

Cinulllloi) 

Stn'iw 

hU<>«S.j Min 

Kloit^/iUi'ii 

Sruiell Nil 

Wi 

t 

('^i.st 

28*6 


60 



AnninvUsl 

20 5 

32 


H2 

18 

(’ast 

25 5 

4:i 

68 



Annealed 

25 r, 

45 


70 

30 ' 

( 'jvst 

31 5 

48 

67 



Kotlisl 

50 0 

19 




Annealeil at 4(V0'‘ (\ 

39 5 

55 




„ 7(Xr (\ 

31 6 

70 




.. 900H’. 

29 0 

8,3 


07 

3:1 

AniUMvleil 

31-5 

65 


00 

40 

Cast* 

:19 6 

30 

90 



Rolled 

48 0 

37 


% 


Annealed at 650" (\ 

39-5 

48 



45 

Cast 

48 0 

% 25 

128 

6A 

55 

Cast 

96 

3 


1 

99 

RoUed 

31 6 

40 



The figures given in tlie above table must be the nianiifaeturo of teloscojvo mirrors. It has 
regarded in the nature of rough indications now been replaced almost entirely by glass. 
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Aa in the case of the copper^zinc &Ilo3ra, the 
eqailihrium dia^^ram, tliough aidely studied, 
is by no means fully known.* The diagram 
given in Fig. 3 is made uj) from the results 
of various workers. 

The Uquidus, like that of the cop[>er-'/.inc 
scries, consists of six branches. (Parenthetic 
ally, it may 1x5 remarked that the liquidus 
curves, as determined by the various authors, 
are in extremely good agreement with each 
other.) 

(а) Between 1(X) pcjr cent and 75 j>er cent 
of copper the solid solutioii a is the first 
material to separate from the liquid. In this 
substance (’op)K)r is of course the solvent 
w’hieh, acc(»rding to a tentative suggestion of 
Gulliver’s,* ccjntains (UijSn in solution. It 
must Ix' remarked, however, 

that there is little or no 
evi(lone(5 for the existence 
of such a eoinpoiind, ('UjSii 
lH*ing the only detinitcU estab- 
lishcd chemical corn binat ion 
known to I'xist in th<‘ seni's, 
with ('u^Sn and CuSii also 
probably existing. 

(б) Betw »'eii To jar cent and 
6H ]«.>r cent of cojijK'r the 
primary Hc|Miration consists 
of fi. This, according to 
tjlullivcr, may l>e (hijSn c<)n* 
taiiiing copj)cr in solution. 

Acconliug to Rroniewski, the 
compound forming the a and 
the fi solutions is CiiiSii and 
not CujSti. 

(c) From t]H {M'rccnt eopjx'r 
to 38 per cent copjx'r 7 
crystals separate, 7 possibly 

Ixjing a solution of CUjSn in (hijSnj, or, follow- 
ing Bnmiewski, (’UjSn in the high-teiufH'ralurc 
modification of Cu^Sn, the solvent 111 the 0 
dilution (see Ix'low) being the low-temjM*ratun* 
m<xlij[ioatioti of the compound. 

(d) Betw’oen 38 per cent of eopjior and H 
per cent of copper, the one defiiiiUdy eatuh- 
lished comiKiund — CujSn — separates. This 
material is referred to as -q by llcycock and 
NevUle. 


ia the conatiiuent «, According to QulliveFs 
explanation, this may be the coiufKiund GuSn 
containing OujSn in solution. This fits in 
with the earlier work which puts pure c at 
ti.'i jx^r cent .Sii (50 atomic jx'r cent), hut it 
is difficult to rcooneile it with the later work 
which suggest that pure t ocours Wlween 
.’>9 |H‘r c» it and (Kt ]>« i cent Sn, as shown in 
Fig 3. 

if) I'inally U;tve<'n 1 wr cent and 0 jx‘r 
cent eopjier, thv solution y sejiurates. This 
consists of tin conta'iiing minute traces of— • 
j)h*hahly — CuSn in solution. 

The solidus of the system is particularly 
interesting, as it jirescnts tlu‘ very uncommon 
case of a seiics of alloys, which hud completely 
solidilictl with fall of temjK*raturc, liecoming 



partially liquid on a further fall of tein- 
piM'aturc, and thcrcfoie having a solidus 
which doubled buck on itself. 'I'liis occurs 
between 5!) per cent and f\2 jx‘r cent ('u, at 

mr, ('. 

3 he vano’i.s phase Jiclds mav next lx* con- 
sidercil in smne detail. 'I'hc limit of the a 
phase at mom tcmpcr.ilure is iihout 12 per 
cent (ii, though this has not as yet been 


ahH(»lutel> fixeil. Jt is certainly more than 

(e) The primary separation lx*tweon 8 j>er j the .5 per cent Gii given liy some workers. 

- - • - - r. I 


cent Cu ami the eutectic point at 1 jK*r cent Cu i 

* Le Chateller, Comptr^i Rfndtu, .\pril 0, HW4 ; 
Roberts Austen and iJtaiisfleid, Third Rrport AUoyt 
Rftfmreh C(mm\(Ue, Appendix 2, 1805, 2fl« . Fourth 
Report, 1897, 87 ; Heycoek and Neville, Hop. Sor 
PhU. Trane., 1897, clxxxlx. (W: 1903, cell. 1. 
8heph«rd and Blough, Juum. Pnp$. Chem., 191ft, 


Beyond the u lield, and lx*tween the limita 
of 7li<r (’. and "810 ('., a and fi arc in equi- 
librium with each other. On caching 5(X)^ (’., 
however, ji decomposes into an eutectoid of 
a+S (,^ lx*ing, probably, a solution based on 

. the coin|K>bnd CU|Hn). /’iji. 4 and 5 are 

61^; (^olltti and Tavanti, (lazz Chem. /to/., 19 (kS, I photographs of an alloy containing 20 per 
m:,, 1 h 1.^222; isU- \ "’"t Sn, the first qucncheil so as to retainHhe 
vtnsU, Joum. Ritettian JUeUUurfftml Society, 191H, i. | alloy in the a +ft fonn, and the second slowly 

'■ “ *'■ 1*™“ '“""“i"" ol «>« 

1918; Ouorvich and llromalko, RufMino/Amer InM. | eiilechml. 

¥. Aug. 1919, | The constitutirm just described is that which 

is usually accepted as correct for these alloys. 


V Mining and Mrtauurgieal KngtneerM, Aug. 19j 
N o, 152: l^ughton. Inrt of MdaltJ., 1921, xxv, 

' QiilUver. MfUtUie Alioy$, 2iid cd. p. 260. 
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On© investijrator,* however, corwidore that 
just l)ol()W <J(Kr i). ^ hreakn up into a +- 7 , 
while at r»2()'M', 7 derornpoae^l, hwmiiig a 4- 8 . 
HIh interpretation of thw part of the dia^^rarii 
ia j<iven in the inset nf Fuj. :{. A.s, however, 
thin means a eonnidc'rahle imxtitieation of the 
aceepted diai'ram Iwtween 20 jxt rent and 
30 fWT eeritSn, in addition to tho introduction 
of the a [ 7 lield, and as Hueh moditieation is 
an yet haned on no experimental ovidence, it 
has not Iwen introdiieed into the main part 
of Fi{i. 3, althouKh the evidence for tho a + 7 
field ap{)earn to h<' n'aHonahly ismelu.sive. 

The whole region In'tween 20 per cent and 
40 per cent Sn in e\ce«Mlingly complicated. 



Kio. 4.— (’ll, 80 |icr cent . H», :20 i>er cent AimcoJed 
ami cooled at c.'tO' x loO. 


lUid as a conaoqnence very uncertain. As an 
example of its complication let us consider 
whttt happens dm in, 15 the coolm^ of two alloys, 
one of which eontain.s 31) }H'r I’ont and the 
other 40 per cent of tin. At about TtWi® (\ 
in tlip former ease solidiKeation commences 
by the separation of ervstala, but at 
745® (1 these change into 7 as a rt'sult of the 
reaction 

liquid -7. 

At this completion, however, there is not 
enough ji to stvtisfy the reaction, so that the 
fielfi immedmtely btdow 745® C. consists of 
7 4- liquid. As tho tomjHjrstupe falls this liquid 
de^HMiits more 7 until, at alwiit 730® C, the 
alloy consists entirely of 7. A few degrees 
lower (i makes dt« appearance once more, the 

‘ Hoyt, loc, cU, 


7 breaking up into (i-¥y, the maximum amount 
of ft scjiarating at about 050® 0. Further 
cooling again inereases the solubility of ft in 
7, and in the neighbourhood of 650“ C. it has 
all dissolved, and the alloy consists once more 
of pure 7. This, however, almost immediately 
breaks up into 74 c, while, at about 625° 0. 
ft once again makes its appearance, and the 
alloy consists of ft + d. At 500® (!. the ft 
uiidcrg(K-s the eutectoid inversion to a 4-^, 
hut, with falling temperature, the solubility of 
5 for a increases and lielow about 480° C, the 
alloy consists wholly of 5. It must Ixs ad* 
mittinl that this curious disappearance and 
nsippearanco of phases is somewhat uncon- 



l■’lO. Cu, HO |M'r cent ; Sn, liO jot cent. Slowly 
um)UhI. tt f #. \ 150. 


vincing, and it can only be emphasised that 
this whole urea requiri's much more w'ork to 
lie done upon it before the diagram can be 
said to bo fully established. 

Tho transformations undergone by the alloy 
containing 40 jx'r cent of tin are not so com- 
plicated. hut are nevertheless interesting. 
Solidification commenci's by the separation 
of 7 cr^^'stals, w Inch continues until a tempera- 
ture of alsiut 6’’0° C. is reached, when the 
material is homogeneous 7. A few degrees 
lower down 17 (tho corajKiund CujRn) sejiarates. 
(The sharpness of the cusp on the line in- 
dicating the separation of this compemnd 
suggests that it is vevy insoluble in its neigh- 
bours, and it has been shown in the figure as 
having a very narrow range of solubility.) 
\Vhen the temperature falls to 635° Cj the 7 
transforms into >7 with the formation of liquid. 




' ' 227 

This liquid peraiuta until the temi>erature of The alloys which arc of comniorcial use are 
415'‘ C. is reached, when a new reaction — limited to a Bniall region of the diagram. The 
17 -f liquid -- e — takes place. On further cooling, nu'chankal pnqx’rtiea of some of those are 
two more heat evolutions are found. These given in the table l)ekw: 
will be referred to later. 

The solid solution e ro- Tarlk !I 

ferred to above exists lietween 

ttbout 39 jicr cent and 09-8 Hronzks 

per cent Sn, while alloys in ■ T 

the ncighln.urhood of IK) jn^r ‘ Kin.ti. ' m.o., ..n. ^i.m ,0..,, 

cent Sn consist wholly of this ; g,, ' kii ‘inii j lUrxi.isM 

constituent. The e which is - — ! _ . . 

formed sheathes the reacting T? f,l i 9 ' 9 r> 2l 0 10 8 

and protects it from the liquid, „ | | t^ui*ncluHl at : 

thus rendering the n aetion ! 1 GUO (’. , 8 0 24 0 2:1 

very Alow. Fuj. (» represents 84 j 1<> ; ( ast ] 4 r» 2i 0 1 20 

an alloy wliieh has Ix'en slowly QaHuho<lftt 


cooleii through this range. ^ j 

The light f sheaths can i>e 
seen round the half • tone -rj »• j .» 

separating it olF from the dark j 

liquid. • ' J 

All thesi' alloys show a further 
transformation at IH.') which appears to ho 
a polymorphic change in the e ctuistituent. In 
ftiitlition to this, alloys Ixitween od per cent 
and (K) jx'r cent Sn show another transbuina- 
tion at about 2(K)'^ C. the meaning of which is 
obscure. 

The cutoctic tom}K*rature is 227 4®('., and 





Fio. 6. ~Cu, 40 per cent ; 8n, 00 per cent. Slowly 
cooled. + :<150. 

the composition of the eutectic is 99 per cent 
8n* the phase-s present being c and tin con- 
taining not more than 0-2 per cent Cu in 
aolution. 


MOM’. 9 5 38 0 0 

Cttst ; 4 5 10 0 0 f>0 

(Quenched at j j 

.V)0M'. 15 j 3(; r> ! 3 

Cast .. 80 ; 0 70 

§ (4) The CoiTF.R-ALiiMi.Nn’M Hekiks,'- The 
range of useful alloys formed by the addition 
of aluminium to c*ipper is even smnllor than 
that of the copjKT-tin alloys, but, unlike the 
latter Hystem, useful alloys occur at Ixith ends 
of the series. 

Considering first the eopprT end of the 
system, the limit of useful alloys is at about 
19 per cent Al, or a little more. Of these, 
the best known is the 19 )K‘r cent alloy, which 
is useil in engineering under the name of 
aluminium- Immze and in jimellery under the 
name of aluminium-gold. This alloy is very 
lesistant to oxidation, both at ordinary' and 
at high tern |)enitu res, though for tlie latter 
purpow' it IS inueh improved by replacing 
1 per cent of the aluminium by iron. 

The usefulness of the aliirninium-iieh alloys 
extends over a range similar to that of the 
copper-rich ones, i.e. to 12 jier cent eopjier. 
This latter allu ' has been largely nstsi in the 
construction (»f aeroplane engine pistons, 
though it is not the most suitable for the 
purpose.* The aluminium-rich alloys arc not, 
in general, much used by themselves, but are 
alloyed with a third, or oven a third and a 
fourth, metal to f*rni the “ light alloys 
which have come so prominently to the front 
of late years. 

The camstitution of the copper-aluminium 
! alloys is exct*edingly eomplicate<I, and, though 
many workofs have studiod it,* it is still 
uncertain in several parts. The diagram 
shown in Fig, 7 is a compromise betweqp 
I those given by several workers. 

‘ See article on *' Alumlnhim Alloys,” | (2). 

* Ouillet, Her. df Mit4tUurfne, Aav 190.'); 
farpenter and Edw'ards, E^^ghth lirport AUovb 
R fneareh CmimMtf, 1907: »'iirr>', I hyx. Chem J., 
1907, xl. 42ft : (iwyer, ZfUM. /. anorg Chem , 1908, 
Ivil. 118 ; Andrew, Iwt. of MrtnU 1015, xlU. 249 ; 
Qre«DW(xx], Intt. c/ idetalt J., 1918, xlx. 55. ^ 
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'Hie llquMus curve is somewhat more com* 
pUcatcfl than that of the coppor-tin or the 
coppor zini! Hvatem. lietwetm 0 per cent and 
10 ]HT cent of aluminium a Rej)arateB from 
the liquid. The second branch, l»etwwm 10 
per cent and 17 per cent of aluminium, w the 
loruH of sepuratioti td This w followed by 
the crystallisation (»f y between 17 per cent 
and 25 prr cent of aluminium. Next comes 
a lon|i{ branch — up to 44 ))er cent Al— where* 
J separates, and this is followed by a very 
short branch- 44 {mt cent to 47 jier cent - 
which marks the crystallisation of <. From 
hero to the eutectic point at 08 per cent of 
aluminium the first substance to be deposited 
from the liquid is the compound C^uAlj. The 


16 per cent A1 there exists a very narrow 7 
field, and the transformation of this material 
into 5 takes place alonj; a steeply rising line, 
which meets the 8f)lidus at about 880° C. The 
solidus, at thi.** point, is the iK-riteitic reaction 
y + liq. -5. It will 1)C seen that the 5 is 
formed in four ways. Between 10 i)er cent 
and 16 jier cent Al it arises from the eutectoid 
deeomjsisition of From 16 {fcr cent to 

17 |H*r cent Al it is jirodueed by a transforma- 
tion of 7. From 17 per cent to 19 per cent 
Al it anses as the proiluct of (he reaction 
7+liq. -5; while In'tween 19 {kt cent and 
30 ]>er cent Al it is formed partly a.s the 
result of this reaction, and partly from the 
solidilication of liquid. 



It must be admitterl that 
part of tins ari‘a is not very 
eonvineing, (hi the other 
band, the cxis-ri mental difli- 
cuUies in making an accurate 
(leti'i nuiyition are undoubtedly 
verv great, partioiiliirly in view 
of the fait that it has not 
been found possible to detect 
any structural changes accom- 
panying some of the thermal 
arrest.s. 'I'lie line separating 
7+5 from 5 is not shown by 
('arpenter and Kdwards, and 
18 diawn by (’uny almost 
vertically down to about 
r>o(V (!. The latter also shows 
(lie pure 7 field extending 
down to this })oint. The 


Fiu. 7. 


existence of the line indicat- 


last branch of the liqiudus is that along which 
the aluminium-noli solid solution tj separates. 

The o solid solution exists from 0 [ler cent to 
8 per cent Al at 1000° (\, and 2 per cent further 
at 200° (k The uwdul oopper-rieh alloys lie 
entirely, or almost entirely’, within this field. 

The area between 10 jier cent and 16 per cent 
Al is somewhat complicated, (i, w'hieh in the 
pure state is the oomjKiund CU3AI, separates 
from the liquid at first. This compound may 
dissolve either eopjier or an aluminium-copper 
oorapouud richer in aluminium than Cu,AI 
to the extent of about 3 per cent of either, at 
1(KX)° C., but as the temperature falls the 
solubility becomes less, until at 660° C. the 
jS undergoes an eutectoid inversion into a + fi. 
Below this, at about 630° C, and 600° C., two 
further series of arrest points ^re shown on 
thermal curves. Their exact meaning appears 
tp be a matter of some doubt. 

The oop])er side of this area, above the 
eutectoid inversion, is simple, but the alumin- 
ium side is more complex. As the temperature 
falls, material which is called 7 separates 
from (he fi; but when a temperature of 776° C. 
is reached, 7 transforms into + Beyond 


ing the deconijiusition of 7 
apjioars to he well established, as well as the 
shape of the 7 field, so that the exi.stence 
of a 74 5 field i» necessary, and the boundary 
of it is probably not very different from the 
line shown in the diagram. 

The area lH‘tween 29 jier cent and 30 per 
cent Al is very obscure, (.'uriy’s diagram is 
the most comiilicated, hut it is not thc<'retically 
poftsihlc to include in it the 7 and 7 + 8 fields 
as shown in 7, and the diagram given 
here is a compromise between Carpenter and 
Ekiwanls’ and Curry’s. 

Between 30 per cent and 47 per cent Al 
OariH'nter and I'kiwards find, from the thermal 
curves, a slightly sloping line at about 670° C,, 
hut find no structural change accompanying 
it. The meaning of this line is very obscure* 
and it is shown dotted in the figure. 

Except for this line, the diagram is fairly 
straightforward beyond 30 ])er cent Al. The 
narrow' range over which f — the compound 
CuAlg — exists is dVawTi on the evidence of 
Carpenter and Edwards- The eutectic point 
occurs at 67 per cent Al and about 640° C. 
The limit of solubility of CuAlj in ahiminiuB^i 
—6 per cent at eutectic temperature and 3 per 
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oeni at 20()“ C. — ia obtained from aime recent 
determinations at tlio National Phyaii^al Lti- 
boratory. 

The mechanical j)ro jx*rt us of a few of the 
more intercating alloys arc given below ; 


Tauie 111 
(’oeeKu-Ai.rwiMCM 


j CuuipoftiUtiti 

Coii.litlim 

Ylrlil 

IMiit 

Mittiii.uiu 

Flt.iikHtlou 

Pl*l C-Ilt 




Ct). 

Al 


hg Mu. < 

Kg /Mill » 

ou H) Mill 

96 

4 

Siind f i,st 

vSand (iiMt. cjuenohed 

5.r. 

20 0 

83 



at HOO (’. 

4 r» 

26 0 

GO 



('Iiilleiist, quetichetl 






Hf 800" V. 

8 0 

28 5 

81 

90 

Id 

.Sand 

.Sand ciwt. quciicInHl 1 

19 0 

.50 0 

20 



at HtXr ( 

IW.O 

79 0 

.3 

, 


('lull east, <juciu1uh1 

1 




j 

at 800 *C. 

28 0 

61 0 

22 

„ 


Itolltd 

23 5 1 

61 0 

18 

G 

94 

Sand *'iHt 

9 ' 

12 5 

3 



( lull ( iiat 

8 r> 1 

15 5 

5 

J-’.- 


KoIIcm] 

210 I 

17,3 

33 


§ (">) Am MiNii'M-ziM' Skhiks.—TIio most 
useful alloys in the alumimum'Zinc Heries are 
those containing io f>er cent to 2.> i>cr cent of 
ziiv, though, Hs HI tlje ease of the copjH'r- 
alumimum sc'nes, so hoie, the binary alloys 
by themselves aie n(»t niueh used, hut form 
the basis of inetais eoutaimng one or two 
other C'oniporuuits as well. Some <»f these 
are dealt with m the article on “Alumimuin 
Alloys,” 

The constitution of the aluminium • zinc 
alloys lias Ih'cii investigated by Heyeoek and 
Neville,* Shepherd,* Kwen and Turner,^ 
Rosenhain and Archhutt,^ and Bauer and 
Vogel.* 

The very careful work of Rosenhnin and 
Archbutt renders it probable that their diagram 
is a very close approach to the truth, as far 
as the lines shown on it aie eoneerned, though, 
as pointeil out by the authors in a fo<»tn<»te 
to their paper,* theoretical reasrming demands 
the addition of other lines. They were unable 
to find ex|)erimental evidence for these lines, 
and thereff)re omitted them. In order to 
make the diagram reasonably eompletc, such 
linos have lieen dott<xl in in /'if/. 8, which is 
otherwise the diagram given by Rosenhain 
and Arch butt. 

From the figure it will be seen that the a 
region is very small, zinc being able to retain 
only about 1 per cent «f aluminium (in the 

‘ ChetH SV. 1S97, IxvI. 

* • Phi/fifttl Chem. J., lf)05. lx. 504. 

* InM. cif MtiaUJ., 1010, Iv 128 

* Roif. Soc. Phil Tram., 1911, cc\l. 43. 

‘ InUmat, Zfit$. fUr MdaHographit, 1916, viU. 107. 

* iAK. rti. p. 64. 


form of AIfKn,) in solution. At 5 per cent A1 
an outeelic is forme<l— at 380** C.— between 
this solution and tlie Al^Znj. and from this 
point to dl>out lb ]x*r cent A! the comjH»uiul 
separates from the liquid along a rising line. 

From la jK*r cent to UK) jx'r 
cc*nt Al a new body is the 
prirnarv siq.aralion. This is the 
W'lid Solution of zinc in alu- 
ininiufu, known as 7. At the 
tcmjH'ratu/e of 44ir C. tins solu- 
tion reacts with the liquid to 
form tlie com|H)und Al,Ztij. On 
the zinc aide of an alloy wdioso 
comjioaitioii corresisuids Ui the 
compound, there will he liquid 
left t*ver as a result of this 
reaction, and on the aluminium 
side there should bo 7. This 
point will In* diseusswl later, 
and at jiresent consideration 
will he restricted to alloys con- 
taining more zinc than does the 
compound, wliieh is called [i on 
the diagram. These alloys, on 
cooling, deposit, at 
eutoetio consisting of n On 
fuither cooling the (i breaks uj) once more 
m accordance with the reaction 
(i^a + y. 

Tliis case of an alloy first depositing 7 
crystals, which, on a lowenng of tlx* tmniiera- 
ture, react with liquul to foim a com|M)und 
that itstdf decompoM's to hjrm two constituents, 
one of which is 7 once more, is very interesting, 
ami may Ik‘ oompari'd with the case of an 
alloy containing 30 I 2 js-r cent Sn and the rest 



copper, in which the primary separation 
reacts with liquid to form 7, which, at a lower 
temperature, deprwts fi once more. It must, 
however, k* admitte/i that in the aluminiym 
zinc series the reality of the rx'action is preved, 
while in the copjier-tin series it still remains 
doubtful 

Considering now the cose of alloys eontaining 
less zinc than Al,Zn,v the diagram lieeomos 
much more difficult to explain. Roscniiain 
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anil Archhult fuuntl a homogeneous field from 
here to jiure uluminitirn, and called tida 5 
at one end, and 7 at the 
othei, aw they were unahle to 
diwtiriguiwh la-tween ihewe two 
eonwtituetitw. In 8 a - . 

dotteil Ihio haw been <lrawn 
ill wt'parating thew(' two fieldw. “ 

Thiw iw diawn fnon the })oint I 

where the line indicating th(5 
f(«tclion 

7 f Iniuid --“/•f „ 

84 i(i 

cisawcrt to he horizontal, t.e. ,, 

where the reaction oeascH. Thiw 

point iw ]oine<l uj) witli the end 74 28 

of the line indieating the do- .. .. 

Com|M»wition of /i aw given hy » 

the thermal «-nrve«, and from 

thiw point the line iw drawn vettieally down- 

waixlw. It iw of eourwi^ aiimilted that the 

evidence for the powition of thewe lines iw 

alniowt negligihle, hut thi'y must exiwt. 

There remains the held marked 6 to consider. 
This is explained as Iw-ing the compound 
AljZn.i containing 7 in solution. In this cuvse 
it iw the Maine, from a phase point of view, aw 
(■i, and there must he field on the diagram, 

which ma>, however, he very Bmall. On the 
other hand, it i-an he deduced from phase-rule 
considi'ratiuiiH* that, below a horizontal line 
in a lanary sywtmn, a two-phase field must 
exist, 'rids demand can be met by «»ne of 
two as.sumptions ; (1) That the field marked 
i really consists of fi-hy, the two emiwtituonts 
being so similar that they eould not he 
distinguislied from oaeh other. This seems 
exceedingly unlikely. (2) A more prolnihlo 
suggestion is that a lino runs nearly paralhd 
to the line of the reaction 7 t Ihp /t, from the 
point whore pure Al^/Uj is formed, tinally 
curving down <’li»se to the dotted lino forming 
the boundary of the 7 lichl. Such a lino, w Ideh 
might Iw exc'wdingly difficult to detect, wouhl 
form the lower boundary of the fii-y field. 
Tho fact that quenching experiments were 
carried out in tins n^gion to determine the 
solidus, and that they revealed no duplex 
structure immetliately Iwlow' tho horizontal 
line, throws doubt on this*explanation.* 

. The large field of homogeneous solid solution 
at the aluminium end of the diagram suggests 
that alloys containing a considerable amount 
of zinc w^ould be commercially useable. 
Practice bears this out,* and the folh)wing 

‘ Since this wn» written the work of Hanson ami 
fli^’ler. nf AM/t/Ji J., 1022. xxvll. 267. has shown 
that B is not till' eom]X)nu(l Al./in, but a solid solution 
whleh denunixises euteetoldallj at 260* that the 
boundaries of the is~\ y) field run from about 70 jx'r 
cent. Zn at iilM)Ut 440' C. to alxmt 80 iwr cent-35 per 
rent Zn reaixx'tkTly at 260* P., and that the (« f 7) 
field stretches mueh further at low temperatures Uwn 
is shown in Fig. 8. 

• See article on “ Alloys, Some Special.'* 

* 


table shows tho mechanical projicrties of a 
few of them : 


T4BI-K IV 
Alumimi;m-zinc 



Ylfl.l 

MiixItJiutn 

Klongkllon. 

Cnli.litiull. 


Htrciw* 

I'cr wilt 


hw /m| Mill 

Xk" Milt 

oil i Mui 

Sand cawt 

10 0 

14 r> 

8 

< 'hill cast 

8 0 

KiO 

1(> 

ilolled 

8 5 

18 0 

W) 

Sand <-uMt 

17 r> 

20 0 

4 

( hill caat 

Sf) 

IS 0 

7 

li<.lh,d 

11 r> 

Hi 0 

58 

Sand (■a.-<t 

17 5 

27 r> 

2 

I'hillc-iiHt 

17 0 

28 0 

4 

Kolh-d 

82 0 

87 5 

20 


§ (fi) Thk Coi’jM-nt-NicKEL Skkies. —T he 

four wywtcinw ho far considered are all markedly 
<-ompIcx, w hile the coppei**nickcl series presente 
one «)f the most sinqilc of ty[)e.s powwible. The 
Component metals am comploU-ly soluble in 
each othci, l)oth in the h(j|in(l and in the solid 
states 'Pile diagram given in Fuj. 0 is due 



0 10 ao 30 40 BO CO 70 no BO yoo\Ni 

100 00 no 70 CO 80 40 30 SO <0 0\C« 


Fia. 9. 

to Ouertler and Tammann,* and from the fact 
that it may Iw said to bo all a phase it is 
IxKswiblc to deduce that the whole wries of 
alloys would Iw workable, though those in tho 
middle would Iw likely to he much hanler 
than the constituent metals. It might, 
further, be cx^weted that the electrical 
resistiWty of alloys containing approximately 
equal [)arts of tho components would be high, 
and their temperature eoeffioient low. All 
three assumptions are found to bo justified 
in practice. Alloys containing 2 per cent to 
3 jwr rent of nickel have Iwen used for 
locomotive fireboxes, 12 per cent nickel 
alloys arc used for coinage, and 20 per cent 
nickel for the casing^ rifle bullets. An alloy 
containing 40 per cent of nickel has a very 
i high electrical resistivity and a low temjwrature 
I oocfticient, and is much used under several 


» Zeits.f. anorg. Chem., 1907. 111. 25. 
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namefi, auch a« constontan, eureka, etc., in 
electrical -instrument work,* while an alloy 
which contains 70 j>er cent of nickel and 
small quantities of iron and manganese i'-- 
known aa Monel metal, and has certain 
remarkable mechanical ]m)pt‘rtie8. 

The chief value of the fm‘box alloy ia that 
it retains its strength at high tenqx'raturea 
much better than cop]x*r. 

Monel metal itself is of sufficient Interest 
to justify more than a slight 
reference. The alloy is one 
of the few which is. not 
made hy melting the com- 
piinents together, hut is 
made hy reducing a eopper- 
nickcl suljihide on\ which 
occurs chietly m Ontario. The 
average composition of the 
alloy IS 

Xi 07 })er c^nt 
(’u 2!» „ 

Ke :i 
Mn 1 „ 


The mechanical pro|iortics 
claimed by various <ib.servers 
show c<insiderab!e variation — 
due probably to variation in 
conn>oaition, its neither work 


ill /'ll/. 10 ia taken from the work of the last^ 
nanu'd authors. 

Tlfe diagram has several pointa of sjiecial 
interest. Attentnui may lirst Ik* drawn to 
the eoruiKMiiul Alj.Mgu, which scjiarates from 
the lupiid at alxuit C. tuul forms solid 
solutions wver a verv limited range. This eom- 
]>ound forms eubetics with aluminium and 
with AljMga, iiid tiic two (' '^ectic i>oint«, which 
o<cur at almost c'cactly t ie same tem]>orft* 



nor heat treatment has much influence on 
the mechanical projK-rtics. 

The following are <avcrago v.ilues • 

HUl<> 

C’lWt . . . 

Rolh-^l . . 

Uollctl ami l 

aiuioalol at [ 

800 1'". j 

One very inqMutaiit jirojicrty of Monel metal 
is that it retains its strength at high tempera- 
tures— a rolled bar, ti'sted at 40(f C'., having 
a tensile strength of 48 kilos per s<j. mm. It 
is also very resistant to corrosion. 

§ (7) Ar.rMi.Mr.M - MAo.vEsiuM Skries. — 
The aluminiura - magnesium alloys form a 
series which, at first sight, appear most promis- 
ing for the manufacture of light alloys, owing 
to the fact that lioth the constituents are of 
very low density. Up to the present, however, 
they have not pro veil of very much value, 
though magnesium in small quantities is 
added to more complex aluminium alloys. 

The constitution of the series has Wn 
studied hy Boudouard,* Grube,® Eger,® and 
Hanson and Gayler.* Ttie diagram reproduced 

' Sec article on " Keststance, Standards and 
llea'^nrcraent of,” .(} (4). Vol. 11 

* Comptrjt Rewliu, 1001, cxxxll. 1320. 

* Zfit^.ftlranorg. Chftn., xlv 225 

* Internal. ZeiU.fUr MrtaUoffraphv, 1913 , xxlx. 

‘ fiwt. oj MOalt J., 1920 , xxlv. 201 . 
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t lire, are separated, in eompositioii, liy a range 
of not more than H ]a‘r cent. In addition, 
tlie maximum distance lietween the liqiiidus 
ami solidus in this regioi. is not more than a 
very few degri‘(>s. it is not surjirising, there- 
fore, that all the earlier woiKcrs failed to find 
(bis eomjmund, and tliiif i( was only diseovert^d 
hy refined im t boils of observulion and careful 
studj'. 

Another interesting point in the diagram 
eoneerns the compound AEMg,. Tliis is 
shown to 8e|(arale from the lnpihl at a jKiint 
which is not on the maximum of the iiquidus, 
hut a few degrees loner dow'n, and alKiut 
/i per cent <4 magnesium away from the 
maximum point. 'J'his is the only ruse known 
where a maximum on the Iiquidus does not 
correspond to a eoni|)ound, and, while it sef*m8 
imposHihle to explain the very concordant 
obwrvntions in anj' other way than that shown 
in the figure, it must be; admitted that this 
part of the diagram should he received with a 
little reserve. 

The rest of the diagram is comjiaratively 
simple. The wdid solubility limits are approxi- 
mately the same at both ends of the serii‘S, 
ie. each metal is cajmble of dissolving alKiut 
10 |>er cent of the eompfiund nearest in 
compiisition to it Two comjKiunds are fornifid, 
of which one, AIjMg^, has a very narrow range 
of solid solubility, which is, however, almost 
unaltered with change of temperature. The 
other, AIjMg,, has a solubility range nearly 




m 


20 |wr cent at high tenifioralurcd, which hilla 
rapidly t(» 1 1 fn-r cent vith falling tcinjieratum. 
The two (■oin]>«)und.s foim cutcctica with cju-Ii 
other rind with their crjoatitncnt mctala. 

§ (H) SifA’KH-coci'Kii Skrikm. -The Milvr-r- 
OopiMiP alloya form aiutthcr very siinplo twrics. 
Thu diagram (fry. 1 1 ) ia a typical iMJtcctifcii»uH 
one, with a comparatively amiill, und a« yet 
very incompletely determmerl, range of Hohd 
soluiioiia at ca(‘h end. 'I'Ih^ liijiiirlna of the 
syati'in haa lici'n deternnned with extrenn' 



care by Ueycock and Neville,* who also 
olwerved the solultiM in Ihi' neighbourhooil of 
the (Mitoctic point, whih' Friedrich and lj<'rou.\ * 
dotumiined approximately the lango of this 
cutectio arroat. It is auggoated by Deaeh * 
that the eutectic arrest as drawn by those 
investigators is too long, and should stop at 
about 80 jH'f cent (lu instead of IM fK‘r rent 
Cu, as shown in Ft)/, ll. '('he euteetie eom- 
|xisition is 710 per ci'iit Ag and the tmnpera- 
ture 778° (\ This has been so eairfully 
dotonuined that it is u.sed as a secondary 
temiwrature atandanl — for example, in the 
standanlisation of thermocouples. 

Silver-oop|Mir alloys are principally used for 
coinage, Standanl sdver is n2o fine — i.c. it 
eontuius 92-5 [wr eiMit Ag and 7-5 |K'r eent 
(^u — and was the alloy used for coinage till 
the end of 1920, when, owing to the high 
cost of silver, it was replaced hy an alloy 
oontaining 50 per cent Ag, 40 |M*r cent t’li, 
and 10 |)er cent Ni. Moat (\)ntinent.rd coinage 
is 000 ftno, and alloys of this* fineness are often 
used in je^llery. 

Photomicrographa typical silver*eopper 
alloys are shown in F'lj/s. 4. 7, 8. and 9 of 
the article on *' Metals and Alloys. The Miero- 
strueture of.” ‘ 

§ (9) Lk.\d-tin Series.— T he n|lo 3 r 8 of lead 
and* tin are of practical interest, chiefly from 
the js>int of view that they give rise to the 
soft solders. The most im|>ortant of these 
are tinman’s solder and plumlier’a solder. The 

‘ /'At/. Tmng. /fuy, ^V., 1807, dxvxlx, 26. 

• Afrtai/urrrif. 1007, Iv. 293. 

* iftiaitognfph^, p. 67. 


first ia made up in eutectic proiKirtions 
(approximately 37 |»er cent Pb), while the 
latter contains two parts of lead to t)ne of tin, 
and has a long (Tystallisation interval, which 
IS miwle ust^ of in forming ” wiis-d joints.” 

The constitution of the ay-^^tem has been 
I atmlied very thoroughly by Rost'nhain and 
I I’lickcr * and also by Degens.® The diagram 
i given in FiV/ 12 is taken mainly from the work 
j of the former authors, 

I It will Is* seen that, as far as the liquidus 
i iH eoiHcriied, the alloys form a simple cutecti- 
! feoMirt st'rics, the eutectic temjK'rature (182 *>‘* 
('.) and composition (Ph 37 08 |)cr cent) 
having Is'eri determined with great caro by 
Uosonhain and Tiu*ker. At 101'' ('. the well- 
known allotrof)!!' change in tin from the 
rhombic to the tetragonal system takes place, 
'rius is not indicated on thermal curves or 
by mu nw'opu* examination, hut its existence 
I has been shown by Degenes by dilatation 
mca.surcmciits. At 149' ft a further reaction 
take.s plan*, which i.s aecompaniod by a 
eoiisidorahlc evolution of heat, and by the 
rejection of tin from the .solid solution. The 
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only possible explanation of this reaction 
apjwars to lie that given by Ko.senliuin und 
Tucker, that the lead changes from a ^ 
allotrojK) into an a one. This change appears 
to take place at very low* temperaturea in 
pure lead (it has not yet been observed in 
this metal), but the addition of tin raises the 
transition temperatun*. which takes place 
along the 149° (’. isothermal as soon as the 
lead is completely saturated with tin. The 
transformation is accompanied, on cooling, 
by the rejection of tin from the solid solution. 

§(10) CorrKR-.M.XNOANRSE SERIES. —Man- 
ganese added to copper increases its tensile 
strength, particularly at high temjieratures, 
and this fact has lieen made use of in the 
employment of ooppen containing about 6 per 
cent Mn for locomotive firebox stays. Apart 
from this use, the best-known copper-man- 
ganese alloy is manganin, though this is^reany 

♦ Ron. Snr, Phil. Tmm , 1909, cdx. 1&9. 

* 2eUg, /. asoiv. CAm., 1909, IxUl, 207. 
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& quaternary alloy of copi)er, maganefte, 
nickel, and in>n ; but the projK^rtion of the two 
latter element« is snmll. This nietal, which 
has a high t'lectncal fwistance, and ^•vcij' 
low tem[emturo coeflicient, contains about 
■>162 |K‘r cent (hi and la jx'r cent Mn, and is 
u»ed for the manufacture of electrical resistance 
wires. 

The constitution has been invostigatM bv 
Scheintschuschny, Urazoff, and Kykowkuff,^ 
and by Wologdiuc,^ The diagram given in 
Fig. 13 is that obtained by the former workers. 
Wologdine obtaiiuxl a very different diagram, 
but it ap[)ears probable that his alh)ys were 
contaminated with carlx)n.* 

It will Ik‘ seen that the component metals 
are compbtely solublt' in each other, Ixdh in 
the ftoiid and the 1 i<[ukI stale, but that, unlike 
the copjcr-nickcl .s('ries, the solidus and the 



fr«mi a combination by tluUiver * of the data 
obtained by these workers, who, it may be 
reinarkcsi, differ considerably inter se. 

There are lour ])riinary sx'pamtions from the 
liquid, the pliaws a, i, 7, and 5. It has lywii 



stated that ji is a solution of a compound — 
of unknown cuinjiositum -- w hu h js formed 
as a result of a leaction Is'twixui « and the 
liquid. The fi umlcrgocs a tiansfonmition 
at alumt 31.V' (' when il m siiturated with a, 
and 320' ('. when it contains no a in solution. 
The exact cauw' of Ihm transformation — 
whether it is a polymorphic change in the /t 
or a reaction--' IS uncertain. The two bodies 
(,i and 7) arc nuUstinguishahle rmcrowopically 
from each otlu'r. 

Finally, at 243^ (\ a fuiihcr reaction 
7 -t- liquid -3 


liquidus riu'ct each other at a jiomt inter- 
mediate lietwccn the two components. 

§ (11) Antimony-tin Suiues. — The anti- 
mony-tm alloys are rarely used by themselves, 
but form the basis «if hearing metals, and of 
Untanma metal. The former contains almut 
87 j)er cent Sn, 9 j>er cent Sh, and 4 j)cr cent 
C'u, though alloys containing as much as 
20 jK‘r cent Sh have InxMi used. Britannia 
metal contains rather more tin and antimony, 
and somew hat less copjier. 

The constitution of the series is complicated, 
and, owmg to the low teinjierature* at w-hich 
many of the reactions occur, and the great 
tendency to mctastability, the diagram 
(Fig. 14) is still incomplete. Further, the 
exact meaning of some of the bnea on the 
diagnvm is uncertain. 

The system has l>een investigated by St<‘ad,* 
Reindere,* Gallagher, and Williams,’ and the 
diagram given in Fig. 14 is slightly modified 

t 

* f. anorg Chem.. 1908. Ivll 

■ Rerue d« MRalluroie, 1907, tv. 25. 

. * Oesch, MetaUoQraphy, p. 52 

* Jrntrn. Soc. Ch^. Indnt., 1897, xvl. 2(X). 

* Ze\t$.f. anorg. Chm., 19(X), xxv, 113. 

* Jotim. PhtiB. Chrm., 1906, x. 193. 

* ZeiU.f. anorg. Chem., 1907, Iv. 12. 


takes place, and when less than about 8 per 
cent Sb IS prcsimt separates from the liquid 
as a primary constituent. 

§(12) TiN-riiohioiouvR Kekies.-- Tin- phos- 
phorus alltiys arc, uwsl in the manufacture of 
jihosphor- bronze and certain other phosphoric 
alloys. The most 
imjiortant w oik on 
the constitution is 
that of \i\ian,* 
who invostigarisi 
the scries between 
(• per cent and hO 
per cent P. His 
diagram, of which 
the one repro* 
duced in Fig. 15 
is a slight modi- 
fication, is of ex- 
treme inten*st, as 

the tin-phbsphonis system is the only metallic 
one whoso examination has licen carruHl no 
far that it cannot n>garde<i, jiraelically, as 
a condensed system, i.c. ‘one in which the 
vapour phase plays no ]<art. It appears 
that, in this series, about 2 5 fier cent I* is 
the maximum amount whion will exist in 

• MfiaUic Attogn. p. 12.'». 

* ln$t. gf AidtUt J., 1920, xxlil. 326^ 
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♦^quihlirium with tm in the abst'nco of the ( 
vtt|»our phaso , wfiilo with a vapour pressure of 
I atrnoHphere, 7 jier cent P is the maximum 
ooiiteiit at the rneltinf^-pomt. In the work 
umler consiileratiou, the alloys were proparwl in 
closed tiihes, and were therefore under various 
[>ressure». As, houiwer, the [iressure has not a 
very threat (‘fleet on the li(juid and solid phases, 
it is prohafily not very far from the truth to 
consider tiuit the diaj^ram represents the system 
in eApiilihrium under a constant pressuri' csjual 
to the maximum pressure actually attained. 

The system is also intm'estin^ from other 
jsMiitH of view. It contains thri'o eomfiounds 
(up to 50 per c<uit I’), Sn,I>^, Sn,l\, and SiiJ^ 
Of theH(', Sujl\, the biuus of the (i phas(\ ia 
the only one which separates from the liquid 
at a maximum on the iKpiidiis. 'I'he other 
two compounds dissoeiale at high tem|M‘ra* 
tur(‘S into two irnmiscihle h(|iadH. 'riio S 
(Uitectie point of the lii>tt compound with tin 
is oxceiedingly near pure Im, and its ini'ltmg- 
point IS indiMtingiJishahle (under the conditions , 
of tllPOXpeMinents caini'd out in the determina- 
tion of the diagf un) from the im-lting-point of 
tin. 'I'lie compounds Sn,!*^ and Sn,P, form 
small ranges of solid solutions, while Snp 3 
uppi'ars to have praeluially no solubility for 
the luughhounng phases. 

§(13) (hn'i’Ku-miosruoHus Skiuks— A lhtvs J 
of copiK'r aud phosphorus can Iw ])rc|)an'd 
up to 15 jier cent i‘ at 
atmospheric pressure, and 
the diajtram has not b(a*n 
investigated above thuseom- 
position. The eompound 
Ihi^P is formed by sejiara- 
tion from the h(pnd, and it 
gives ruse to an eiiti'ctie 
containing B’2 (lor cent I'. 
The Solid soUihility has not 
been determimal. hut ap- 
pears to be very small. 
Tho eutectic lempt^ratun) 
is 707'* (X and the melting- 
point of the eompound is 
102(1'^ C., the copfH’r oonUmt 
bt'ing 14 per I'ont. Tho eqiulibnum diagram 
is shown in Fig. 10.' 

§ (14) TiN-JiiNr Skrik.<— T he tin- zinc 
series was invckstigated by KiuUierg* in 1830, ' 
and also by Loreuzaud Plumbndge.’Mazzotto,* ' 
andothei's. The diagram of these alloys is given i 
in Fig. 17. It shows the system as a simple 
euteotifei'oiia one, having no solid* solubility 
areas. The melting-point of tho eutectic is i 
given as 197° C. ! 

* llcyn and Hauer, f. anorg. Chtm , 1907. 
UU. m. 

* I'oggtndvrf .ifw , xvlll 240. 

* bnrens and numbridge, Zfit. /. nnorg. Chm.. , 
1013. tx.wHi. 228 

* M«Mott4), Int, Zriti. fur IUdaJlogmi>hif, 1913, > 

Iv. 273. , 1 
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§ (15) Iron -NICKEL Series.— The iron- 
nickel series is of particular interest for two 
reasons. In the first place, it is one of the 
moat persistently meiastable systems known, 

*c. 'C..S» 
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and secondly, the alhiys furm, with carbon, a 
very iinjiortant senes of teniary sti'cLs.^’ 

The constitution has boon studied by a very 
largo number of woik(‘r8, of whom the most 
important aie irfcncd to below," but even 
yet it has not larn found po.ssible to fix com- 
pletely tiu' whole diagram, though that given 
111 Fig. 18 i.s probably a close approach to tho 
truth. The ln|uidu8 of this diagram is that 
• •btaiiied by liner, while the tiansformations 
m th(' solid are takcui from Hanson and 
llan.soirs pafK'r. To illustrate the meta- 
stibiiity ot tlu* system the dotted lines are 
iiitrodiic<‘d. 'I'he upper one of these iiidicaU'S 
the temperature at which arrests are found 
on h(*atmg, and tho two lower oru^s on cooling 
specimens, the obsi'rvations bmng made by 
thermal analy.sis. hy magnetic meivsiirerneiits, 
or by resistivity imuisnienients. The broken 
lincH iiidu'ate incomphdely determined jiarts 
of the diagram. It will lyc seen thivt tho 
alloys, when just solid, form a continuous 
senes of solid solutions, the liipiidius being 
very ol(»»e to the solidus, and having a minimum 
at about 70 jier cent Ni. 'riiis .solid solution 
IS known as y, and is non-magnetic. At 
lower tem{)eratures the y undergoes a trans- 
formation, as a result of which tho material 
biH'omes magnetic and the electneal resistivity 
falls. In pure iron this is the well-known Aj 
jioint. 'I'lie magnetic variety of nickel forms 
a long series of solid solutions known as S. 
it apjioara as though 3 wore really the com- 
pound FeXij containing iron or nickel in 

‘ Vidr nilhlc on *' Steels, Some Special ’’ ; also 
" Invar." 

• Osmond and ('artaud. JRer dr MA., 1904, vUI. 09 ; 
Giiertler and Tainiimnn* Zedn. Mr itnorg. Chftn., 
UK)f», xlv. 205 ; Levin, ZHM. jAr anorg. Chem., 
xlv. 283 : Frankel and Tammann, ZeiU, fUr 
anorg. Chrm , 1908 ; Rner. Mrtallurgi^, 1909, vl. 
079; Bonedlcfcs. Rev. de Mdnllurgir, 1911, p. 85: 
Honda and Tagakl. Nrienca Reports, Tohttku Impl. 
Vnir., 1917. vL 321 , Hanson and Hanson, iron and 
SUd Inst. J., 1920, cU. 39. 
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ftuiution according to the compoeition. This 
5 forma an eutectoid with a. 

Nickel haa the effect of depreaaing both the 
A, and the A, jxiinta in iron.^ The absolute 
shape of the diagram in thia region require* 
further investigation. 

The behaviour of aonio of the alloys under 
any but excessively slow change* of tempera- 
tuiv is very interesting. C\»nsider, for exanqile, 
alloys contivining 2.) }>er cent and per cent of 


^days, has given rise to a dinaion of the iron* 
nickel 8eru« into n^versiblo and irreversible 
alloys. Ill the former the lag lietwcen heating 
and cooling curv'e* is small, iq the latter it is 
large. 

Iron- lickel alloys ate of sjiecial interest, as 
they ofciir naMve. I ilh on the esrth and. in 
the form of ndcntt's, as Msitants fnmi otlicr 
«<*rld8. In tho latter i. >10 the iron eontent 
generally vnriea fr- m |km- cent to lh» ja>r 



nickol. If a sample of the former l>e cooled 
from bo’ow the solidus at a slow rate it will 
remain non magnetic till a temperature of 
about (’. is reacheil, when it will become 
magnetic. On reheating, the metal will not 
lose its magnetism until it has been heated 
to about 580" C. A sample containing 35 
per cent Ni behaves similarly, except that it 
requires to bo cooled t% about - 100" C. before 
it becomes magnetic, and it loses its magnet- 
ism on gating at about 500" C. This great 
lag, whibh persists even when the heating 
or cwiling lasts over many hours or even 
' Firftf article on the " Iron-carbon .tUoyi." 


cent, the nickel longing from 5 per cent to 10 
per cent, but one meteontc has been found 
containing 00 j»er cent Ni. The best-known 
of the native terrestrial nickel -iron mosses — 
that found at Ovifak in Greenlaml — contains 
1 per cent to 2 per cent Ni, while grains con- 
taining os much as 75 j>er cent Ni have been 
found in the sands of the River Frazer in 
British Columbia.* 

§ (16) Iron-mahoanrse Rystem, — As in 
the case of nickel, manganese is important as a 
constituent in steels, binary dlioys of iron and 

* Vide An Introductvm to the Study of MeteorUet, 
L. Fletcher. , 
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niangaruiik' not, Inking uw‘,fl. Their constitution 
has been Htiidied hy licvin and Tammann,* 
and hy Osmond. “ 

Tho Hyst<*m Monk's to the Kimplo tyjio m 
ivhioli tiie /ru-tals are comj)Iel(*ly soluble in 
the liquid and in the just solid statt^s. At 
lower tenijKTaturcH the alloys undergo a 
magnetic transformation, tho change m iron 
being lowero<l by tho arldition of inauganeso; 
but this jMunt has received but little study, 
and the data are inHutticiont to justify the 



drawing of a line to indicate tho transformation 
on tho diagram w hioh is given in Fig. 19. 


, 11. Tkhnauy Systems 

We have seen • that it is ])os8il)le to 
ropH'seat tho ooustitution of ternary systems 
in two diraeusions by projecting the vaiious 
surfaces, one set at a tim(\ on to a tnangular 
base, and drawing isothermal lines on to the 
projeotion. In this way it is possible to obtain 
in a very small numl>er of diagrams a com- 
plete roprosentatitm of a tenmiy system. In 
prootHHling to discuss actual oases we aix! f'on- 
fronted with the fact that, u}) to the present, 
no ternary system lias iHH'n completely 
investigated. As, howeM>r, a reprinientation 
of an ideal complete system has alnvady lieen 
given in the article on “Alloys, The Kquilibrium 
Diagram,” • tho following more or leas in- 
complete systems will bo readily understood. 
Where sufficient data exist, the method of 
projecting planes on to a bSise and drawing 
isothermals on to them has been adopted. 
In one or two oases the actual position of 
these isothermals has not been detennincKl, 
but their general trend is sufficiently obvious. 
In such oases they have been drawif, and tho 
uncertainty noted in the text. Finally, there 
are oicamplos in whioh the data given are t<x> 
meagre for this, and the isothermals have been 
omitted. 

‘ ZeUi.f. anenf. Chem., 1W5. IvH. 136. 

• Tier, de MHaUufvit. 1903. 11. 593. 

* “ A11u>' 8, The Bauillbrlimi Diagram, *' $ (4). 


§ (17) The Lead-tin-bismuth Series.— Thl$ 
system Is of interest as being tho first ternary 
system whose liquidus was completely worked 
out. This was done by Charpy,® whose 
results arc plotted m Fig. 20, with slight 
modifications introduced by Shepherd.® The 
contour lines on this, and the majority of tho 
remaining figures, are drawn at intervals of 
20'* 0. The areas of 8<;paration of the three 
primary constituents are seen sloping down 
towards the eutectic point. 

Tho next diagram. Fig. 21, represents the 
second sot of separations which take place on 
Oooluig the alloys. The planes here represent 
the coinmencemi'nt of siqiaration of the 
depressed binary eutectics. The shaiie of the 
contour lines lias not lx;en determined, but the 
various solubility limits in the binary systems, 
as well as the composition and temperature 
of separation of the three binary eutectics 
and the ternary eutectic, are known, so that 
the ]>iineipal uncertainty is introduced by 
tho fact that tho solubility limits in tho 
ternary system are unknown. These undeter- 
mined (actors also render uncertain the shape 
and position of the various lines of Fig, 22, 
which represents the solidus temperatures 
and eomjioBitions of the system. 

A further diagram, representing the effect 
of bismuth and tin on the allotropic niodifica* 
tion of load, di.scovered hy Rosenhain and 
Tucker,’ and another showing the influence 
of lead and bismuth on the allotropic change 
in tin, an' requinsl to complete the diagram. 
No work, however, has liccn done on this 
subject. 

§(18)ThE OoPl'ER-NK’KKr.-ZINO SERIES.— 
This system contains alloys of considerable 
cjiminercial value, the most important being 
those known under the name of nickel-silver 
or (Jermnn silver. When used for table ware, 
these contain from 55 jxr cent to tK) iier cent 
of eopiM'r, 21) cent to 25 fs'r cent of zinc, 
and al>out 2l) jicr cent of nickel ; fiir other 
purposes the nickel may range lietween 6 per 
cent and 35 js'r cent, while the zinc content 
varies between 15 jier cent and 30 per ceirtk 
The largo range in which these alloys exhibit 
useful projierties is connected, as in binary 
systems, with tho eonsidenible extent of tho a 
field, which, incidentally, is very large in the 
three binary systems from which the ternary 
sc'ries is built up. 

The constitution of these alloys has been 
investigated by Tafel.* Except at the zinc- 
rich end, the liquidus surface {Fig. 23) has 
been reascmably well determined, and the same 
applies, though to a lesser extent, to the solidus 
surface {Fig. 24). lieactions between the 
4 

‘ Thfi MHaUographiM. 1899, 11. 26. * 

• Jottm. cS Phjfii%eai Chemittry, 1902, vt 510. 

’ So© above, } (9). 

* MHatiur9t$, 1008, V. 343. 
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liqiikluH arid tiif auliduM only occur in alloys as they do not contain more than about 
rich ill zinc, and, for the greater part, these 40 per cent of zinc ; while sections parallel to 
have not iKicn determined, excejit over small the uickol-zinc side resemble, in the same way, 



Fra. 22. 


ranges. It has not, thei-efore, Ix'en considered the nickel-zimj diagram when not more than 

advi.sable to draw a contour diagram represent- about 40 |)er cent of cojijM'r is prt'sent. 

ing thorn. Practically all tlio alloys of commercial 



PiQ. 23, PIG. 84. 

It may be notwl that sections through a importance lie in the^ a ran<re. While the 
model representing wiuilibrium conditions, and most imjKirtant of these are the nickel-silvera 
parallel to tlie copper - nickel side of the referred to above, mention may be made of 
comjK)8ition trissiglc, are almost replicas of casting alloys containing approximately 70 per 
the oopjier-nickel diagram (moved down with cent of copiier, 20 per cent of nickel, and 10 per 
respect to the temperature ordinate) so long cent of zinc, and of an alloy with a high electrical 
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rMiist«nco, sold under ibe name of platinoid, 
which contains about 60 per cent of copper. 
14 per cent of nickel, 24 per cent of zinc, and 
aorae tunp^ten. 

§ (19) The Copper * zinc - tin Series.— 
Excepting the pure copper-zinc alloys, braan 
and Muntz metal, copper-zinc-tin alloys are 
much more used than any other non-femms 
alloys. In spite of this the (‘quilibriura 
diagram of the ternary system Is only jmrtially 
known, ev’cn in the region where the alloys are 
of commercial value. This is doubtless due, in 
measure, to the complications m the component 
binary systems, >^hich, a.s we have s(*en almve, 
are by no means compleU'ly determined. 

The following list gives the comp^isition of 
a few of these alloys : 


Alloy 

('ll. 

Zn. 

8n. 

Coinage broto.e . . | 

95 

1 

4 

Adnuraltv gan-inetal | 

HS 

- 

1(1 

Ik’aniig broir/o . .• . 

80-88 

2-5 

8-15 

l»oonu)tive wluHth's 

80 

2 

18, 

Adimndty tonJetiKor 
talx*a .... 

70 

29 

, 

Naval bnu-s . . . 

02 

37 1 

1 

SiMX’ial Atlinirally anti- 
friction alloy ... 

1 

1 

29 5 

(59 


The cimstitution of the wrios has la'cn 
studied, jinncipally by Hoyt * and by Hudson 
and Jones.* fig. 20 shows the liquidus 
surface, as far ns it has been determintHi by 
Hoyt, i.e. up to aliout «5U jier cent of zinc and 


Cu 



30 per cent of tin. This imrt of the diagram 
is simple; a separates over the area Cu-l-2, , 
the slofH) of the surface being greater near . 
the copper-tin side of the area than near the ' 
copper-zinc side. In the area bounde<l by . 
the lines 2-1, 1-3. and 3-4, and extending I 
beyond the field investigated in alloys contain- 
ing much 7 ini‘, ti separates fnim the liquid. 
Beyond this the system has not l»een studied. 

No data have been punlishcd from which it 
is ptissible to construct a diagram representing 
• ljul. of MftoU J., 1913, X 236; and 1915, xlv. 
178. 

» Ibid., 1915, xlv. 98. 
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the readions occurring between the liquidu* 
and the solidus, but Fio- 20 gives the solidua 


Cif 



surfaces of the copjicr-ru h end of the system. 
This figure is constructed, as fur as tlie various 
boundaries of the phase fields- aiv' conccnicd, 
from Hoyt's data, the dotted line Iieing put 
in by him on theoretiud reasoning only. 
The aetual slojK? of the siii-faeea has not 
l)cen del4*rmiiie(i in the ternary system, but 
the slojies of the binary sysUMii linos are 
known, and points of equal teinjicraturc on 
the edges of the triangb* have l>oen joined by 
more or loss straight lines. It follows, there- 
fore, that the isotherinals are only of value in 
suggesting the general sli)|s- of the surfaces, 
ami are not to Ik* regarded os Accurate. 

'rh(‘ area ('u-1-2 icpn^seiits tlu' lield m which • 
final soluhlicatioii takes place by tin* w'paration 
of a. The next jiart of the solidus is the 
fientectic area 1 -2-4-3. Here we have the 
reaction 

a + liq 

Then in the area 3-4 -6-5 the alli*ys mtlidify 
eompletely as fi, while beyond that the reaction 

/?+liq. = V 

takes place. 

Fig. 27 ^h'•w8 tho contour lines and area 
connecting uj» the oulcctoid in tho copper-tin 
Cu 



! series. 
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Finall}, Fuj. 2H Hh<jWrt Hudson and Jonos’ 
•Uagram for the eonatitiition, when solid, of 
ulloyrt coiitfiiriinp: la-tween 50 per cent and 70 
|MT eerO of l upper and l)etween 0 |jer cent and 
5 per cent of tin. This is reproduced on a 
larger senlc Ihun tlui 
other dm^'rarns, as 
it is Horiievvhat eom- 
plt(‘)vted and conlains 
the most iinpoiiant 
of the hi asses. It 
will bo seen that the 
area is divided into 
six groups, of which two are single-phase areas, 
three are two-phase areas, and one is a three- 
phase an;a. The diagram is self-explanatory. 

5 (20) TllK (V)|'I*KI{-ALUMFNIUM-TIN SkKIKH. 
— The alloys of eopinir, aluminium, and tin 



PiQ. 28. 


probably, more completeness than any other 
ternary system. It is reproduced in Fig, 29. 
It will be seen that neither ternary eutectics nor 
ternary compounds are formed. Certain points, 
however, call for consideration. The first of 
these is the curious 
^ “ ridge running from 

pure copper down- 
wsl^rds. Edwards 
and Andrew state 
that the constituents 
separating on either 
side of this ridge are 
the copper-tin a solution, probably con- 
taining some aluminium in solution, and 
the copper-aluminium a solid solution, pos- 
sibly containing a certain amount of tin 

in the same way. Other evidence in the 


50%Cl‘ 



have been investigated by Edwards and 
Andrew.' It appears that but a very small 
pifiportion of the alloys are likely to be of 
any practical value, but theoretically the whole 
diagram is of very great interest, and the 
liquiduH Burfaje has been worked out with, 

» Rml 5oe, fVoe., 1900, IxxxU. 568; 

Mdak J., 1900. It. 20. 


pa|)er n|)})ear8 to indicate that these two 
components are isomorphous, and should 
therefore form a single phase. The sharp 
change in the coiftours is very marked, 
however, and strongly suggests that some 
boundary’ • line such ns that drawn by the 
authors is required. Generally speaking, it 
is not clear from the diagram whatt are the 
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phaaes aeparating from the liquid, and they 
have therefore not been ineerted. 

In the tin-rich part of the diagram the 
contours lie so close together that it has not 
been possible to draw them all. The starting- 
points on the shies of the triangle are, however, 
marked in all places. 

Fig, 30 shows the constitution of the alloys 
at ortlinary temj>erature8. Diagrams of uitor- 
mediate separations are not shown, because the 
authors have not indicated any of the terniJera- 
turcs at which the reacthms take plaf'O, which 
renders it iropossihle to draw the contour lines. 

Fig. 30 is self-explanatory, hut calls for one 
or two comments. One of thest* is the large 
area in whi('h the compound (.'uAl, apjwars. 
It will bo noticinl that it occurs over at lejxst 
two -thirds of the diagram, and exists very 


Cm 



nearly down to the pure-tin comer. The 
same Is true of pure, ()r almo.st pure, tin. Of 
the roniaiiung constituents, 5 and « nre prob- 
ably eompoiimls ((’114811 and CuSn), while 
CUjSn obviously is one. Kcmeml>ering that 
compounds are hard, brittle phases, it Is not 
surprising that the range of ust'ful allf>y.s is 
small in this series. It is also worth drawing 
attention to the curious fact that two fields 
containing 7 1 e 1 Sn are shown in the figure. 
The meaning of this is very obscure, 

§ (21) Tub (’oppeh-ai.uminium-zinc Skrirs. 
— Copper-aluminium-zinc alloys rich in cop{)er 
are chiefly used in naval work, on account of 
the fact that they are supposed to resist 
oorroeioQ better than brasses. It is certainly 
true that the copper-aluminium alloys are 
better in this resp^ than those consisting of 
copper and zinc. ITie maximum strength and 
the elastic limit are also considerably raised by 
tile addition of aluminium^o copper-zinc alloys, 
the composition used being generally about 


Cu . . 

. . (15 to 70 per cent 

Zn . . 

. 27 to 33 per cent 

41 . . 

1 to 4 per cent 


Such alloys may have a tensile strength up to 
35 kilo? |»er wp mm. with an elongation of 
50 per cent on 25 rnin. 

The constitution of the series is far from 
being coin| ’etely stndh'd At the copfier-rich 
end (:ar|)enter aiu^ Kdw ml? ' have invoati- ' 
gated the liquidu^ snifaeo of the sy.stem up 
to 50 fxT cent of addul meb.L^i, while at the 
zino <'omer Hauglilon ind itinghain • have 
invi*stigafe(l tho lupudu- fo*' all»>vs containing 
not more than 10 |>er cent i)f eoppi'r and 15 
|K'r et'nt of zinc 'I'he former workers have 
alsii studied (he count it ut ion (down to 400' C.) 
of alloys ( ontaining up to 50 j)er cent of zino 
am! 15 per cent of ahimmium, while the latter 
invest ig.alors have given diagrams representing 
tho constitution (down b* 2(M) ’ (’.) of the series 
whose litpiidus surface they worked out. 

The hquidus con(<»urs are shown in Fig. 31. 
(’unsidering th«‘ eoj»per-nch alloys first, tho 
ijpK'h greater influence of aluminium, eoni- 
pannl with zme, is seen by the shajM^ of 
tho area CuAB, over which a is tlic juimary 
separation. 

The ne.\t area, ABri), is the locns of 
separation of ji. In the eopper-aliiminium 
series theliquidiiH lias a pronounced nmximuin 
at this |M»mt, and it will Is' warn that this 
rna.ximtim persists well into the ternary system, 
only dying out quite near the copper-zinc side 
of the trmiigh*. In the area (t4)FE, 7 is tho 
primaiy separathm, but Oh* exact position 
of the lino FE lias not Iwen determined. 
The same applies (o l)u lines (Ilf and KL, 
whuh aro the iMuindancH lietweon tho areas 
where S. f, and ('nA!^ an* the primary separa- 
tions. From the sha|s^ of the (onlour lines 
it would ap])«‘ar as though there was a ternary ^ 
eiileetie m the neighbourhood of the }»oint M. 
Another temarv eub'ctic apprars at the, 
point (^, and has a (omposition of (’u 4 
per <*cnt, Al 7 |wr cent, 7,n 89 jK'r cent, its 
meltuig - |K)int liemg 378” (’. In tho area 
ZnN(^F, Tj, a /ine-rieh solid solution, is tho 
primary separ-ition, while Al^Znj crystallises 
out from the liquid in the area t/) the right 
of PQD. an<l f (a cop[K*r-7.ine solid solution) 
to the left. 

As stated above, (^’ar pen ter and Edwards 
made a very' compiste study of the reactions 
taking place Mow the liquidus for ailo3rg 
lying in the area (’uCl> ( Fig. 32), and from the 
results they c<mstruete<l a morlel representing 
tho constitution of tho series. This was 
formed In plater, and each phase space was 
made detachable, so that tho model could be 
** unbuilt ” to reveal the various rcactioqp. 
Photographs illustrating this unbuilding are 
given in the pajior, and while they servo 
admirably to illustrate tho various phase 
relationships occurring in the series, it is 

• Inlemat. ZfUt. f^r litetaUographif, 1912, II. 209. 

• Itoy. Soc. Prve., 1921, xdx. 47. 
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not iM>88ihlc to t)btain from them data f»>r the I binary eutectic of the aluminium-zinc series, 
construction of projected H<H‘tioiis of the mmlrl. As this surfiieo only falls 2® C., no isothermal 
The reader must, theicfoie, he referred to the 1 contours are shown on it. Over the area NQS 



l-’io. 31. 

original pmx'r for furtlicr mfortuation on tins tj is deposited as the result of the eommenoe- 
part of the denpam. mont of the reaction e i htjuid rj, while in 

I’he mvestinitors of the zinc corner of the the an*a NQT (-i f-c commence to sr'paraU? 
diagram have rvpiodiued a huge ininihor of together Finally, the very steeply sloping 
soetions thi-ough the diagram jH'r|H'ndu‘nlar area NtnlH rejiri'sents the boundary between 
to the bivso, and from these it h;w been possible tbo i; + ^ liquid and the tj + e + liquid fields. 



to construct the projections given in Fiyj*. 32 Fig. 33, w'hich represents the solidus sur- 
and 33. The first of tliese popresenta the faces, is self-explanatory, 
reactions ooourring between the liquidus and To complete this {>art of the diagram a 
the solidus. The area UVQT represents the section showing the reaction ft-rj + y ihould 
oommenoomont of separation of the depr^sed be shown. As, however, this appears to 
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occur in all the alloys tii this area containing 
over 1 j)er i-en( of aluiuinium, at a constant 
t«mfK*rature of 2H(f it is not ne«itwary to 
rcpnuliK'c such a jM*ctu)n hcnv 

§ (22) ThK ('upPKK-AU MlNirM-MAOSESlUM 
Sekiks. — 'l'h«* constitution of alloys of iilu- 
nnniuiu contaiuin^ up to souicuhat tivcr 5t) 
[xir cent of cop|)(*r and of mny:ncsiuni has 
IxHHi oan^fully sludicd by Vo|;cI.^ The scru^ 
is uiloifstims', .imonRht otlicr reasons, in that 
it shows vcr\ defuiitely the existence of the 
ternary coinjMUjiu! The binary 

systems ettntain the two comjS)unds (’uAI, 
and Alj.M^r,,^ and the dju^;rani pivon may Ih' 
I'onsidered to he a complett' repiesentation of 
the system Al-AlaMui ('uAl^ instead of a 
partial one of tht' system Al M^' -(’u. The 
author has rt^producotl lus results mamly in 



the form of s<*ven sections jierpcmdicular to 
the hju'ie «if the eipnlitinum prism, but at 
various uncles to the sides. The way llieso 
sei'tioiis are chosen leaves certain fairly 
C'onsidenible aieas of the eom|M)sitiMn trianele 
having no sections passing through them, 
and this has rendereil «lillicult the drawing 
of cont^mr lines ; iridcMtl in some cases the 
position of these lines is largely a matter of 
assumption, though it is thought that, as a 
general outline, the diagram is not very 
wrong ; afipreciablo errors may, however, have 
lxH?n introduced by the fact that the aluminium 
used contained 1-2 per cent of iron and slightly 
more silicon. 

Fig. 34 represents the liquidua surfaces of 
the alloys. It cjinsists of four areas: (1) 
That in which the aluminium- rich solid solution 

* ZfU9 fUr nnOTfian. CA/'iw, IfllO, evil. 2fl.V 

* This Investigallon was carried out before the 
worlc of liansoti and Gaylor called In question the 
oxlstenee of the compound AI.Mg 4 (see f (7) above). 
The diaiin^m tflM ii is that of vogel, as the existeme 
or otherwise of this compound would not appreciably 
affect the main part of the diagram. 


Compo^ltliti* of 
CompjuHt/ 


a separateu from the liquid; (2) the field in 
which tiiAl, is tho primary seiiaration 
(tMily A part of this and tlie next field lies in 
the area under discussion); (3) the ait'a in 
wliieh the eoinptmnd AljMg^ is the first material 
til crystallise ; and {4) the eurious, more or less 
iuouiid->'ha|H‘d ana c. hieh rejin'sents the foews 
of existence of (he ternary oompouiid Al^Mg|Cu 
as a priiiian sv'jiaration. I'iiis latter is 
sjM‘< lally intMc.stmg, as the alloy whoso 
eoin|M>Hition IS that if 
the 1 oiiipouiul dot's n 't 
he in tho urea at all. 

'riiis IS only poHi-jhIe 
IsHaiise the urea in 
(pie.Htion dikes not eoii- 
tuin a niaMinuiu on 
the liqnnbiH curve of 
tvery seetion diuw'u 
through it. K softion 
through the line W 
{Fuj. 34), i.c. one puss- Kki. :15. 

uig thuiugh tlu' eoin- 

jsisitiiin of the eoiiipoimd ^ and the area 
when* it iH a jminary sepaiation, would 
have a liquidus something like that shown 
in Fhj. 3o, that is to say, (ho eomponnd, on 
heating, dissoeiates at a teinpciatun* lower 
than that of the hqiiidiiK, and the seitiun is 
similar to the “ liidden maximum ” (yjio 
oecurrmg in binary systenis.* ^ 

The secondary separations are shown in 
Fig. 30, and the solidus surfaces in Fig. 37* ' 



In a small ^jegion in the neighbourhood of the 
ternary compound, a further diagram would be 
needed to complete the system, os there arc 
two reactions lietween the liquidus and ^ 
solidus. As, however, these occur over a shiall 

• The composition of the comixmnd is ; Cu, 
10 .*> per cent ; Al. 50T> per cent : Mg. 30 fwr fvnt. 

* Hoc article on “Alloys, The Equilibrium Diagram,” 
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arM only, and aa they havr not lx*en complelely 
ituclied, thiii extra Hcclion liaa Ihtu ornitUMl. 



jj (2!l) Tnii (’OI'PKK AUrMINIlTM-MANOANKSE 
Skiiikh. “The copfxir-ru’h ulIoyH in thi.s »eno8 
containing up to 11 {x^r cent of aiuminiuni and 
10 per cent of tnanganc8(\ and the aluininium- 
rich alloys, (iontaininjj; not nu>re than 4 ikt 
cent of either copjx'r or inaiiftanewc, have Ixsai 
very thoroughly studied from the {M)int of 
view of their tneeliameal projx'rtics by 
Itosonliain aru^ IvantsUnry.^ (Vrtain alloys 
, in the formi'r ^roup p()S8eP8 some very valuable 
])ro|wrtie8. Tor example, a material consist- 
ing of 81) per cent of copper, lU |)or cent of 
aluminium, ami 1 ihu’ cent oP^nan^anese bas 
the following metiliaiucal [iro|x'rtics : 



KUnUi' 

t.lUlil 

MimIiiiiiiii 

ICloi)K).lliiH 


lUHl 

<tK 0<| ID til 

IVr iHMit 

Sand i . 


:»() 

22 

('lull cunt , 


40 

2.'> 

Hot rullcMi. 

s 

12 

:u> 


The stiuly of the constitution of thtw 
alloys hiU) not carried as far as the study 
of their mechanical proiierties The authors 
above mentioned have deterrainetl the liqiiidus 
surface of the copper-rich alloys with great 
care, and have taken a large number of 
ooolbig curves, but they state that the data 
available, although very numerous, are not 
adequate for the solution of the verj' complex 
problems involved. , . . The comiusions 
arrived at are, briefly, that, withlh the limits 
of the alloys studied, the constitution of the 
ternary alloys very closely resembles that of 
the binary alloys of copper and aluminium. 
... In no case does manganese give rise to 
the formation of a third phase, so that all the 

* NlnUi Report to Uie Alloys Research Committee. 


I alloys consist of either a single solid solution 
1 (the a body), or of two phasi's, in each of which 
manganese exists in the form of a solid 
solution. Till* com|Miund CiijAl ajuicars to 
he cH[»af»l(‘ of dissoKing mjing#inc.se, and there 
is no ovidenno of the formation of a ternary 
cofiqioiind.” 

The Iiquidus surface is shown in Fig. 38. 



With loforonrc to the constitution of the 
uluminuim-ricli alloys, tlio authors give no 
diagram, but state that ‘‘ the alloys all show 
at h'ast two dcHnito ancst points, while the 
majority show thii'c, and two oven sliow four, 
such jMimts. ... In these alloys three distinct 
phases arc found. These are a solid solution 
ivhieh IS pun*, or lU'arly pure, aluminium, 
containing some copper hut jiractically no 
manganese in sijlid solution, the aluminiiim- 
eopjw'r coinjxnind CuAlj, and the aluminium- 
mangaiu\s(> compound AlgMn. ... A ternary 
eutectic of the three phases is probably found 
in most of these alios s ” 

S (24) The Alumimi'.m-mmjnesiim-siucon 
Skuiks. — Ah all these elenHuits are very light 
(aluminium Ixing the heavK'st) they appear to 
form a hojieful series for the manufacture of 
light alloys. Up to the present, however, not 
mueh work has Inxm done on them from this 
point of vi«‘w. Nor has the constitution yet 
rreeived much attention, with the exception 
of the aluminium comer, whore alloys contain- 
ing up to 3.) ]XM' cent of magnesium and 12 



IH‘r cent of silicon have been examined by 
Hanson and Gayler.* 

Fig. 31) represents' the Iiquidus surface for 
tiio series. In the area AlABCED the 
alumiuiam-rich solid solution crystallises out 


• lH 4 l . of MeUtia J ., 1921, xxvi. •21. 
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fnim the Ihiuid. B«*yond DE the primrjry 
•eiKirntion ia tl»e eoiu|Hiun(l AljMp,, but thw 
hardly eulera the }Mirt of th(‘ diagram under 
conaidoration. The urea beyond AB, of 
which, agaui, only a ''rry Bmall ]iart enton* 
into the pn'sent duM'U'ihuni, -is the locus of 
separation of nearly pure silicon. Over the 
gicater part of the ihagrain the prirnar\ 
crystallisjitioii eonsists of the cornjHJimd 


j Finally, there remAins the nil rnm area FHOMg, 
I w'hich ivprebents the bmarv eutectic, of 
: ahmiin um and AIjMg,, and is jirac'lieally 
I horizontal. j. L. «. 


MgjSi. This is an mt<‘resting and somewhat 
unurtual ca.se ^ of a eoinpound in one of the 1 
binary svi^terns naelum: very far tciwards the 
comer (.f the thinl metal, i.e. the one which 
do(*.s not enter into t!ie eoinjawition of the 
compound, 

Th(> ti'dds of the w'condary separatum are 
shown in Fuj. 40, a hu h is dividetl into four 


Ai.'.oy ‘ Y ” : an alloy of aluminium contain- 
ing 4 |ier (cut of cojua r, 2 |K<r cent of nickel, 
and l*ri jM*r mit f magimsmm. So® 
“ Alumuuum AUovs,’’ b‘ (9). 



areas. In the two areas AlABDE and 
MgEDF there is no sc'p.iialion lK-t\veeii the 
liq nidus and the Htdiclu.s. Below the area 
SiAHC the eoMstituents an' a c ,d t lujuid, 
while the eoiuex area oecupying the rest of 
the diagram is the upjKU MUi-faee of the spaec' 
coiiMsting of a -t .MgjSi t liquid. 

Fig. 41 shows the aolidu.s surfaces, lielow 


ALLOYS, THE KQriLIBUlUM DIAGRAM 

Tnr. constitution c»f a series of alloys can bo 
represented by means of the ecpiilibriura 
di.'igrain. In other wonls, it is j)*»s8ible to 
show on such a diagr.im the pliaaes which 
exist m any alloy of the senes at any given 
U‘m|K'rnture, and furtluT, the rel.itive umminls 
of the phases which occur when the alloy is in 
equilihrmm can K' deduced fi-oiii the diagram. 

HestrutiiiL^ ouisolves, for the sake of sim- 
plkitv, to the eonsuleration (d Nyslems wliieh 
contain only two eom]v»n(*nls, we can plot, 
on a ri'ctangiilar ('o-ordinat<' diagram having 
tcin|X‘ratim‘8 as onlinates and loiiqaisitions os 
ahseiasae, litms di\ uling the aita into a number 
• )f ficMs each of wliuh o*j>ri‘M'nts the region 
ill which dedmte phase's, indieuti'd by the 
micre*.sco|ro or b) thermal anaI\Hi8, (K'cur. 

1 Such a diagram as Is shown m^’i{/. 1 rejiresenta 
j one of the sinqilest eases which are found 
; Hero M and N npn.se'Ht the two comjionent 
I metals, and the line MN is dnuled in such a 
way tiiat the ordinate- fiom any point F 
rejircscnta an all«)y eeaitaming M and N in the 
ratio M ; N :■ NK . FM, Tlie elistancc of any 
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under corjsideration, at tlio pomtfl A and ( , 
which arc tho melting of tho pure 

metals, and 11, whicli w known as the 
euUciic point, ('rhey can alwj meet at other 
p^iints —see § (.3) Isdovv.) Tho eutectic alloy is 
<lelined aa one which lies at a minimum on 
tho lifjuidus, has a constant freezing and molt- 
ing [loint, and Is formed of two separate 
phases (m binary systems). In many cases, 
OH will Ixj H(!en liter, such alloys are of con- 
Biderahli im(s)rtanc(». 

The lines ])F ami K(» are tho limits of soliil 
soluhility of tho component metals in each 
other. 

§(1) Thk I’UASK Kule. -The equilihrium 
diagram is so ealled l>ccause it represents tho 
condition of the alloys when m a state of 
equilihrium. This term ^ will 1 h^ dwcussed 
later. It is often known as a constitutional 
diagram, for obvious rca.sons, ami also as 
a phasti iliagram. ft owes this name to 
tho fact that it is baseti on the phase rule 
of Willard (Jibbs, This very important law 
was deducerl fnnu tliermodynamu! consllera- 
tions in 1H7I to 1H7S, ami about ten years 
later it wms re-stati'd in less nmthomatic.il 
language by Roozeboorn. Tho matliornatical 
foundations of tho law cannot lx» <liscussod 
hero ; it is generally stated m the form of the 
eiiuation « 

where / is tho numln'r of ilegrotvs of fixanlom 
of the system, p the numln'r of phases present, 
and c tho number of components in the 
system. Kor a full discussion of th<*so terms 
lefonuico must Ik) made to a treatise on tho 
phase rule, a brief description only Ixnng given 
hon>. 

(i.) Coniponcut.'i. —T\\o com|M)nents of a 
system are those materials fiom which tho 
system is built up. In tho case of .dloys, they 
may in general lie taken as tho pure metals 
forming the system, though where a compound 
MxNy oi two metals M and N is formed tho 
alloys may l>e divided into two vS\ stems, of 
which tho oomjHments are tho metal M ami 
the com|X)und in one case, and tho metal N 
and tho compound in tho other cas*'. 

(il) Phufu . — A phase is a homogeneous por- 
tion of tho system which is jihysically .stqMr- 
ablo from the adjacent |K>rtions. For example, 
in tho caw of solid crystals oiH'xisting with a 
liquid, tho crystals are ono jihaso and the 
liquid is another. 

(iii.) Degrcfs of Freedom, — By degrees of fn'o- 
doift is meant the numln’r of factors (tempera- 
ture, pressure, and concentration) which must 
be arbitrarily fixini in order that tho condition 
of tho system may be completely specitied. For 
example, if it is necessary to fix or s]X‘cify 
two of tho three factors, tomin'mtiire, ])ressure, 

»*Seo article Phase Rule,’* j| (3), Vol. I, 


and concentration,* of a system liefore we 
know tho conditions under which that system 
exists, *.«. before wo know the value of all 
these factors, tlien the system is said to have 
two degrees of freedom. Or to pub it in 
another way, Supiiose we can vary two of 
these factors independently without altering 
tho system, wo aro dealing with two degrees 
of freedom. Any gas constitutes such a 
system ; for, to kiaow all the conditions under 
which that gas exists, wo must s[K‘(“ify two of 
them, e.y. for every temjioraturo and pressure 
tho gas can have only ono concentration, 
(kmversidy, wo can alter two of these factors 
independently without causing tho gas to change 
its state. 

(iv.) Application of the Rule . — Nowsupixise 
tho gas to be cooled down, without dissociat- 
ing, to such a tem|x^raturo that it commences 
to liquefy, wo have then two pluses present. 
In this case it is only rH;eess^iry to sjx'cify 
one of the factors and tho whole system is 
detinod. If wo fix on any tem|H‘rature, tho 
pressure at whieli tho gas and liquid coexist 
IS automatically fixed, and the (oncimtralion 
is also tixo<l. Alti'ration of any one of tho 
factors means that botli otlu'r factors must Imi 
altercil. Such a system is said to |X)8.scss one 
degree of freislom. 

Finally, let us imagine that tho material Is 
cooled down still further, until tho solid com- 
monce.s to w'parate. 'fhero aiv then throe 
phases presiMit, tho g.is, tho liipiid, and the 
8oli<l. 'I’lim-o is only one tem|X'ratiire and 
oiu» pnssure at which such a state of affairs 
e.in exist, and tho ('oncent ration has also a 
tixisl xaliio. Alteration of any factor would 
eauso the disajqxMranco of one of tho phasi's. 
Such a system h.is no degns's of frecMlom, 

For tho majority of metallic alloys the 
vajKiur pllas(^ is .dmost negligible,® and as the 
olTcet of ])n\sijure on tho solid and liquid 
phas<is is negligible, at least m all ordinary 
casi>3 where the pivssiire does not dejiart 
largely from that of tho atniosjihero, the 
phaso-rulo equation may Ix' rt'writtcn : 

f=c+\-p. 

In onlcr to study the applkation of the 
phaw^ rule to tho theory of the constitution of 

* Dlflleulty is often founti in nmlcrstanding the 
I term e<inccntr:ition, sdthouKh the Avord h fro«|uently 
I usA'd. and understOAHi, in unothor sense. For ex- 

ample, wo talk of a conccntnAfvsl solution of salt in 
' water, or of tho concentration of a larjre amount of 
material Into .r small s|Kiro. Thus we see that con- 
eentration is clo!«d> related to composition but flnit 
it is not the sjuue thlug— in the case of a Ras it Is 
tho \olnme. Wo may, qxrliaps, reganl the eoo- 
<'entration of a component in a ptiaso as the uuml>er 
of molcs’ules per unit \«4ume in the phase It is 
imis>rtant to inXe tlut concentration refers to the 
piws*', and not (net'esaarily) the composition of 
, the whole speeimen containing tlie phaiM*. 

* .in IntereatinR case wliere this statement does 
I not. Iiold Rno<t is found in the alloys of tin and phos- 
' ptiorus. See “ Alloy Systems, Typical," § (12). 
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alloys, it will bo Rimple«t to limit Jiho dig- 
ciiasion to the oaao of binary alloj's. 
c~ 2 . It will Ix) fkvn, thon, that / can van,' 
from 0, when neither the eoneentration nor 
the temperature can b© nltore<l without alter- 
ing tho equilibrium of the Rystom, to 2, when 
cither of theao factors can be altert'd independ- 
ently, When the degrve of freedom ia 1 , the 
temperature cannot bt^ altered without at the 
same time altering the concentration, and vio- 
versa. Systems witli no degix'es of freedom 
are spoken of as invariant, tliose with one 
dogiVH) of frt'cdom as monovanant, and those 
with two as ih variant. 

Applying tlio rule to the general ca.se of 
binary alloys, let us first (Muisider a divariant 
system. Hero /= 2 and c - 2 and 

2--=2+l-p, 

therefore p-=l; that is to s-iy, a divariant 
binary .system can li.ixo only tme phase. For 
the monovanant system /' I and c~2, there- 
foro p 2, or, in otlu^r wfird.s, when there an* 
two ]»hases tlie system is immovariant. Finally, 
if tho system is invariant there are thn'O phast'.s 
prcMuit. 

(v.) I nterprelnhon nf ihe Diaqram . — The 
whole malliT m<iy lie m.ide ( le.irer liy con- 
sidering tho various points, lines, and are.is 
of such a diagram as that slu'wn in Fvj 1 
m the light nf tho pliaso rule. Hero tliere are 
two eoni{K)noiit3, tho nietah .M and N. c, 
tliorefoie, is (’qual to 2. 'I'liere are also three 
pha.ses — the liquid phase, tho bohd plnv-so cou- 
sistiug of M contimmg more or los.s N in 
solution, which may Ito callixl tho a phas*3; 
aiul tho solid phase eouMsting of N which 
retains a ceitain amount of M m wiliition, an<l 
which can lie dcscrilH'd as tho /i phas^^ In 
tho are.i above tlic liquulus there is only one 
phaao^— tlio liipiM That Is, p - 1. Then 

f-^chl-p, , 

-2+l~l, 

or tho sy.stom is divariant. In other wonis, 
we must Sficeify )>oth temperature and con- 
centration in order that tho conditions 
under which tho liquid exists shall l)o fully 
specified. 

Points between the liquidus an<l the solidus 
(*.€. tho area ABXB'A', Fig. 2 ) represent 
alloys eontaining two jihases, a liquid one 
and a solid one. Applying the equation 
once mom, we find that /=1, i.e, the 
system is monovariant, that is to say, we 
can specify one of *he factors (temperature 
or concentration), but in doing so we fix the 
other. 

Thus, for example, let us consider the alloy 
whose composition is represented by the line 
pp' {Fig. 2 ). If now we fix on any arbitrary 


tempemt'ire in that lino, say tlie point /, we 
have comjiletely spt*citiod the condition of 
that alloy, for wo know tho eonoentmdon of 
the two phase, 1 present, that of the solitl phase 
Ix'ing gi\en by the jwant 4 where the temjwra- 
tiiro ahscKs,! cuts the solidus, and tho eon- 
eeii*ration tif the h<piid is given by the 



'-itnilar point I on the Iknudiis, Similarly, if 
the conceiitrilion I for the liquid is (leeidod 
upon, the temjxT.iture I is uut(uuatieally fixeil. 
(It rmi.st lx? bonu* m miiul that ilu*re are not 
two indejH'udent factors of eoneentration, one 
for tho liquid and one for the holid, for it is 
obvious that as tho two b'gcalier must add up 
Ui 100 |K*r cent, fixmg one automatically fixes 
the otluT, HO that rt'aily tiierc is only one 
f.ictor fur (omentraiion. 'Ibis uppliex, of 
course, only to binary alloys ; where the alloy 
\A formed from n ecmslituents, there are n - 1 
factfirs for (oncent ration.) 

Considenng next the are.i rBXB'C', there 
are again two phasi's present, tho a phiiso and 
tho j-i phase. (U should he notesi that tlie 
eutectic is not a scjurate pliase, but a mixture 
of two pba.scs.) As m the crystallisation area, 
j thendore. f ], or the syht<*m w inonovari/int. 
Referring -nee more to Fig. 2 , it will Ixi seen 
that it is only nv( essary to ‘•{x’cify one of the 
factors for tlie system to l>o completely de- 
flne<l. For example, if tho concentration of 
tho a pli.iso Ls flxe<l as containing x per cent 
of N, then there is <ine, ami only one, teniyicra- 
ture at which tko alloy can be in equilibrium, 
tho temjM'ratnre denoted by tho line qg\ and 
tho concentration of the /? phawj is al^ fixed 
as containing x' per cent of N. In tho same 
way, if the tcm}X“ratiire 7 is ehnsen, then the 
conecntaation of tite phusos is fixed as z and 
x' resfieetix ely. 

Not only does the diagram indicate the 
composition 4»f the phases, but it also ^hows 
tho amount of eacli phase present at any 
temperature. For let x be the percentage of 
N in the a phase {Fig. 3 ) and x' that in the 
(i phase at the tenifiorature (, and let y be tho 
percentage of N in the alloy, and a and b the 
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reqiiire/1 pcrffntagrs of the a and the ft phases 
which are {)ret«.'nt; then 

XU r'h 

and a } b lOd. 

Ah, then, for any alloy w(! know i/, anil can 
find, from the diagram, tfio values of x and 
r' at any tcni|H.‘ratiir(‘, we have sufliciont daU 
to solve the two simiiltanpous equations, and 
80 obtain valiicH for a and b. 

These values of a and b run also l)e obtained 
^'raphically fioiu the dia^rram. For consider 
any all(»y of composition r (Fif/. ;i), at a tem- 



pera turti /. Shoifid the |)omt r e(»uu‘ide uith 
t.hc jHimt (/, then the allov eonlams 100 pi-reent 
of a. If, on the other hand, it (orres|K)nds 
with d', there is UK) |mu' cent of ft present, and 
at interniiHliate jKtsitions the lino dd' w divided 
pniportionally to the amoimt of eneh |)hase 
present. 'I’lius in the ease ^iven in Fig. J) the 
length cd' ri'presents tlie amount o( a in the 
alloy, while d>' is proportional to the quantity 
of ft. 

There remain the two nnavs AMCB and 
(Fig 2). In eai’h of thos«' thei'c is one 
phase only. Therefom/ 2. That is to say, it 
is nocoBsury to 8|X'eify lH)th tenifH-ratuiv and 
eoncentration Indon' the sy.stem i.s fidly defintnl. 
For consider any lenqHTatuiv t in this area 
{Fig. 3). The eoneentratmn can vary nny- 
whoro lietweim pure M, and M completely 
saturated with N ; or if un\ concentration U' 
chosen, there is n whole rangt* of temperature 
at which that concentration can exist. 

Considering next the various lines on the 
diagram ; the liquidus is the boundary be- 
tween two areas, one containing but one phase, 
while the other contains two. One* of the 
phases, the liquid, iwcurs in both areas, so 
that at the line there are two ])haaes in 
oquilibriuin. Thus the system is monovariant. 
It is obvious that any sloping line must 
represent a monovariant system, for on such 
a line, fixing any •teiiipomturo fixes the con- 
centration of one of the phases, and conversely. 
Thus, considering the liquidus, and selecting 


tho terqperaturo represented by tho line gf 
(Fig. 4), the concentration of the liquid is 
fixed as tlio lino ae. The same argument 
applies to the solidus or to any sloping lino on 
the diagram. It must Ixj Ixinie in mind that 
tlio only vertical lines which can occur on an 
equilibrium diagram are those of tho con- 
stituent metals, which, of course, represent 
one romiK)nc'nt system, and therefore do not, 
strictly H{>eaking, belong to a binary diagram. 
For it is obvious that on a vortical line we 
cannot arbitrarily cliooso either of our factors, 
for tlio conoentr.ition factor is already fixed, 
or, m other words, there is not a definite tern- 
{H>raturo corn-sponding to tho concentration. 
Tliereforo tlio sy.stem cannot be mono variant. 
Furthermore, it cannot Ix^ invariant, because 
it IS iiecesHurv to siK'cify the temperature in 
Older to fix tho system. But any line must 
represent either invariant or monovariant 
e(|uilibriuin, U'causo there must be at least 
two plia.se3 in equilibrium 'on the lino, from 
wliieb it follows that the lino cannot lie 
vortK-al, but must have some slope, which, 
however, may be exceedingly slight. 

llori/.ontal lines, on the other hand, may 
repiesent invariant or inonovariant equili- 
brium. A.S a general rule they are tlie former. 



M C 0 ->N 

Fig. 4. 


Indeed, it is probable that it is only in the 
ease of ]M>lymorphic transformations that the 
I’ori/.ontal line represents a monovariant 
.system. Any other case, such as tlie decom- 
]K).sition of one phase, or an eutectic Ime, Ls 
Ixuind to Ih) invariant. For we have three 
phases in cquilibriion at such a line. In the 
ca.so of the eukctic lino these are the liquid 
pha.se and tho two solid phases' forming the 
eutectic, while in the other case they are the 
decomiKising phase and the two pr^ucts of 
(leconifHvsition. • 

Finally, there remain the various points 
caused by the intersection of lines on the 
diagram. It is obvious that any point must 
represent an invariant aptem, for bofih the 
temperature and tho concentration are fixed, 
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and therefore it is not jwasiblc arbitrarily to 
fix cither. Thus, for example, at the eutectic 
point there are the li(pa<l and two solid 
phases in equihbriuni. and therefore/- 0. 

So far we have only considered the exlstenee j 
of two sfdid ])hascfl and one liquid phase, j 
There may lx*, and in jiractico gcneniily are, 
more than this. The case ot any single, 
homogeneous, solid phase is identical >»ith 
that of the liquid phase or cither of the solid 
solution areas, and tlie systi'in is divariant. 

Similarly, these various phases can occur in 
groups of two, thu.s gning rise to nionovariant 
areas, similar to the area CBXBX'' of Ftg. 2, 
and what lias btx'ii said about this field applies 
hero also. 

In atlilition to this, tliree pliasi's can exist 
in equilihrium. The system is then invari.int, 
but, as lias lx*cn iKunted out above, such a 
state of alTairs can only exist at a jxiint or on 
a hon/ontal line, ami it is imixissible to have 
more than two jihascs picsc*nt on an area on 
the diagram. It can also k* seen that more 
than thnr plia.M‘s cannot cwxist m eqmhbrium 
under any conditions, as this wouKl imply a 
negative nunil)er of degrees of frmloni- which 
is niemingless. 

The comiMisitiofi of the liquid and solid 
phases presc'iit at any teiiqx'rature can k* 
found from the diagram, 'lake, f(»r example, | 
an alloy denoted hy the vertu al lim* oc (F\g 4). | 
At the point a the alloy is eom])!etely liquid, j 
When the ixunt fis reached, the li([Uid becomes 1 
saturated with M, and any furtlicr cooling j 
causes some of tliw to separate out. What j 
liCparaU's, howevci, is nut jaire M hut M con* | 
taining the maximum amount of N whidi it i 
can rcUin in solution at tkvt tcmix'ratiire : j 
i.e. an alloy whoso couip<Jsi(ion is gieen b> ; 
the point g, wdicre the tomperaluro nhsciss-ie | 
cuts tile lino AB. The soliihility of M in the | 
liquid dccrcascxs with falling temperature — , 
the compisilion of the saturated liquid at any j 
point king given by the intersection of the 
temperature abscisai and the iKpndus. Thus 
consider the point h. The eomjxKsition of the 
solid mate-rial jiresent is represented by the 
point i, and tliat of the liquid by the point k. 
From this it will be seen that the sloping ])art 
of the solidus curve is part of the solubility 
curve of N in solid M, while the liquidus is 
the solubility curve of M in liquid N. 

§ (2) Methods of ooxstiiuotino the Dia- 
gram. — Almost any measurable properties of a 
series of alloys may k made use of in the 
determination of the e^tuilibrium diagram. 
By far the most commonly used results are 
those obtained from Miermal analysis and 
from an examination of the microstnicture. 
The theory and technique of both these subjects 
have been dealt writh in other articles,' and it 

‘See “Metals and AHosts, Micrdstructure of,” 
“Metals, Thermal Study 


only remains to show how the rcaulis obtaimxi 
can k iiseii to construct the diagram. 

(l) Thermal Meihods.— h^vmmg that the 
t»ystem under investigation lias not been studied 
kfore, and that, therefore, nothing is knowm 
akuit it a numk r < f alloys, sny about 20, will 
k made up nul their Icaluig and cooUng 
curves will k* .aken. Th»' ]:oints okerved will 
Ic plotted on a ieti.]Hratiii---(ciKnitration dia- 
gram, and from tliis it will k* ixissiblc to deter- 
mine a first approximulion to the liquidus, 
{•arts of the solidus, and any transformations or 
j reactions occiiriing in tl.c i-elid. In the case 
' of very simple systems, it may not k* ncci-ssarj 
! to take any more thermal cur\cs, but, generally 
six'aking, the diagr.im ns drawn will indicate 
; regions wh<*re further thermal analysis- is 
ncccssar\— to dctermuic, for cxnmjh-, with 
' a greater degree of ])ic(ision, any singular 
' points on the liquidus. 

i QuantiUtive results may k obt-imcd from 
i the thermal ciirvca hy using tlie iretliod, 

' introduced by 'J'ammann, of plotting the 
' length of the ^anous nricsts against composi- 
tion. Thus, su]ip<isf' tic ^irrcsl.H are duo t«> the 
scpiiration of u compound, the gr,i])h should 
(onsist of tw<» straight lines iiitcrscctmg at a 
l»oinl and li-coming rcro at the two ends. 
The jx)int of intersci tion si ould then corre- 
fqsmd with 1l<‘ compesition <4 the comjsmnd, 
which may le h.\c<l m this wa}, and the joints 
where the lines cut tl »* /cio axis will show the 
limiting coinpentions e^ allots which contain 
(omjiound, i.c. will fix the length of the lino 
rej>rc*HC-nting the njiar.ition of the comixmnd. 
Tsed with great ear*-, anil a realisation of its 
limitations, this method gives very valuable 
rc.siilts. but It has very definite- limitations. 
Thi-w* are mainly dm; to two caiisc^s. The 
first of these is caused l»v the dilliculty 
of accuralcly di-teiniining the jaiints cif 
commcncc-mcnt and end of an arrest. This 
has alreatl. Icen iliscus-si-d in the article 
on the thermal study of metals.* A more 
i 9 <-rious difficulty arises from the fact that 
! it i.s often cxieedingly diflicult, and some- 
I tiiiK‘H impossible, to take a curve at such 
j a rate that the alloy remains in equilihrium. 

1 In this case the Tainmann lines will be those 
corresponding to* the metastable system, 
which may k very dific-rent from the true 
equilibrium syskin. 

(U.) Microncojuc Emmi-naiion.—Hfic limits 
of solubility of the various phases will be 
deterniincif by microscopic examination of 
annealed and quenched, or slowly cooled and 
quenched, sjiccimens, and those parts of The 
solidus which have not been accurately deter- 
minecl by the thermal curves will k investi- 
gated in a similar way. 

The diagram may not yet be comjJete. A 
correlation of the microstnicture and the 

* See “ MeUls, Thermal Study of,” U (4) AS). 
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thermal analysia Is often nccomry to interpret 
<*<;rUin liru^H which irmy (X‘cur, anti Hometirnea 
it may lx‘ iieccHH.iry to anneal a Bpecinien at a 
certain tcm[»eratijre for a prolonged time, in 
order, for example, to induce a Hluggish 
reaction to conifilete itwdf, and then t-o take a 
heating or cooling curve through a definite 
range of temperature. 

(iii.) (Mer J/^,/Aod/<.- -lleactiona may occur 
HO close togetlier as t<^ be non -separable by 
thermal methods. It may bo that the use of 
other metliods, Hindi oa the measurement of 
electrical conductivity, will enable the two 
reactioMH to l )0 <li.stinguished separately, but 
often tliey must lie fixed from theoretical con- 
Hiderations. 'riie.so theoretical considerations 
muflt always lie kcjit in mind duniig the 
investigation of an alloy system, as there are 
many jiitfalls awaiting the mvcHtigator who 
neglects thorn, or who is content witli the study 
of an insulliciont number of alloys 



Tlieri' is no simple aiul definite course which 
can Ih' laid down liefondiand m the investiga- 
tion of an alloy system. .V.s m a uaiuo of 
chess (hea* are recognised o|KMungs, after 
which the game develops aceoanng to eircum- 
sUiices, so then' are definite o|K*nmgs in tlie 
establishment id the eipiilihrium diagram; 
but once thesi' am made the lu'.xt moves must 
be dielaUid by the results already obtained. 

§ (3) Tyi'Iws of Binary Diauham. —fi ) The 
very siinple.st tv|x^ of alh^y sysUmi is that in 
which Imth the eoniponems arc ('onipletely 
insoluble in each othei, both in the liquid and 
in the solid state. While complete insolubility 
is theoretically ini|iossihle, yet a aoit close 
approach to it is found in certain alloys. 
Thus F%<j. r» shows the constitutioiml diagram 
of the alloys of lead and aluminium.* In this 
oiuitf the two liquids cool together till fi58° C. 
is reached, when ne<\rly pure aluminium 
solidifies, then the temperature falls onco 
more, and at 327° ('*. the remainder of the 
alloy liecomes • solid by tho doixwition of 
practically pure Iml 

* Owyer, Z*il. ixiMrg, Chm,, VMS, IvU, 113. 


(ii.) Conditions exactly opposite to those just 
discussed give rise to another very simple 
typo of diagram. In this case tho metals, 
both in the liquid and the solid state, are 



completely sr»luhle in each other, and tho 
iliagram takes the form of citlu'r Fig. 6, Fig. 
7, or Fig, 8. (In pr.u tice, Fig. 7 has not yet 
Ix-cn found.) Tho hquidife and the solidus 



are smooth curves which are lM)th concave 
upwards, lM>th concave ilownwarda, or one is 
eeiu ave upward.s and tlu' other downwards. 
Fig. (» rej)reHents the constitution of the iron 



vanadium alloys, whilb Fig. 8 shows that of 
the copper-nickel alloys. 

(iii.) An intermerliate typo is found in the 
case of metals which are completely soluble 
in each other in the liquid and only partially 
soluble in tho solid. This type c.an be divided 
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into two cia6fl66 — (a) those in which no eutecUo 
is formed and (6) those in which an eutectic 
is formed- It would probably be more 
accurate to define the former case aa one in» 
which the eutectic point occurs very cloae to 
one end of the diagram. In such a case the 
solubility in the solid state must bo excessively 
small. 

Fig. 9 (aluminium-tin alloys) is an example 
of the first cose, while the silver-copper alloys ^ 



t'lQ. 9.— Al-Sa Alloys (Owycr). 


furnish an example of the seoon<l. In neither 
of these* systems has the solubility liecn accu- 
rately det<Tmmod. 

(iv.) In yet another typo, the liquidus 
consists of two branches which meet at a 
])oint lying alxivo the melting-point of one of 
the constituent metals. The iKunt of inter- 
section als^i li<‘s on a line, along which the 
first dc]) 0 .sitcd solid reacts with the liquid to 
form a new solid phase. Zinc, containing 
small quantities of copper, gives rise to a 
diagram of this typo.* 

(v.) In a largo number of alloy systems 
internieUllio compounds are formed. Such 
systems may lie divi<led inUi two main groups ; 

(a) The compound has a definite melting- 
point. 

(fe) The compound dissociates at a tempera- 
ture lielow the liquidus. 

In the former ca.so the diagram can be 
regarded as forming two systems, one of the 
metal M with the compound MxNy, and the 
other of the metal N and the compound. 
Each of these systems may, if simple enough, 
be classified as above. Similarly, if there are 
two undissociated compounds, the alloys can be 
dividetl inbi three systems. The aluminium- 
magnesium system * is an example of such a 
series. 

In such oases the compound is easily 
recognisetl, jvs it is generally indicatecl by the 
existence of a maximum on the liquidus, 
though occasionally it*takc8 the form of a 
break in the curve, as for example in the 
alloys of magnesium and cadmium (Fig. 10). 

\^en, however, the compound dissociates 

» “ Alloy Systems, Typical," I (8). 

•/Mc(.J(2). * 


at a temperature below the liquidus, its com- 
position w not noarly so easy to determine, as 
this ig not shown by any maximum on the 
liquidus. and the break wliich occurs m the 
curve will not m general correspond to the 
compositi.iii of the compound, but to tlie 
composition at iihuh the co-ordinate oorre- 
sjxmdmg lo tlu dissoiuation temperature cuts 
the liquidus. The oomixiuiid AlgZsj* may lie 
taken as typical of tl is phenomenon. 

All the cases coiuxieied so far have been 
simple, but in pmetice such simjile systems 
are rare, and a diagram may bo built up of 
many tyjjes added t{)gethcr. Such a system 
may bo very complex, as will Iw realiacnj in 
oonsidering the copjicr - aluminium, copper- 
tin, or cop|>er-/jnc diagrams.* Further com- 
))Iications, examples of which can lie seen 
in each of the.se systems, arc intnxluceti by 
ri*action8 occurring m the wilid, or by alio- 
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tropic or polymorphic transformations. These 
cases are considen'd m the article dealing with 
tyj)ioal alloy systmns. 

§ (4) Methods of RmiF-SENTiNn Ternativ 
FIqulliufua. — As we have seen, the constitu- 
tion of a binary 8y8t<*m may Ix) roprf'-w'nted by a 
plane diagram, t e. a diagram in two dimen- 
sions. Th< < omjK^sition can Ijc rej)rcs<*nted by 
a single dimension, Ix^cauw* the sjriccification 
of the proportion of one of the comjKincnts 
automatically fixes the proportion of the 
other. In a ternary system, on the other 
hand, it is necessary to sjiccify the percentage 
of two of the components Ix'fore the composi- 
tion is fully dofincxl. From this it follows 
that in any grajihical repri'sentation two 
dimensions are ne<'easary to reprosciit the 
composition, and therefore the tcmjtcrature- 
concontration diagram has to take the form 
of a three-5imonsional model. 

To represent the composition of a ternary 
series of alloys it is not usual to employ 
rectangular co-ordinates, though this can he 
done. For example, in Fig. 11 the composi- 
tion of alloys of the metals L, M, and N is 
represented. In this case the points A, B, C, 

* “ Alloy Hystems, Typical/’ i (6). 
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D, E, and F will represent alloys of the 
following composition : 


Alloy, 

b. 

M. 


A 

70 

20 

10 

B 

60 

40 

0 

C 

40 

0 

60 

D 

0 

60 

40 

E 

30 

40 

30 

F 

20 

10 

70 

... ... 





It will be seen that the points roprosonting 
the alloys of L and N (i.e. those containing 
no M) lie on the line LN, and the disadvantage 
of this metliod of plotting is duo to the fact 
that this line is not of the sumo length as the 


L 



linos LM and MN, or, in other wonls, that 
tho iiercentigo td M pri'scnt is ivprc.seiited on 
a dilToivnt scale fnmi that of the other two 
oonipononts. 

(i.) Trilinear Coordmatei , — To overcome this 
difiioulty tho system of Irilmoar co ordinates has 
been introduced. This system is based on tho 
fact that in an equilateral triangle tho sum of 
tlie perpondioulars to the aides of tho tnanglo 
from any point within it is a constant, and is 
equal to the height of tho triangle. If such a 
triangle whoso height is equal to 100 units 
is constructed, tho |H'rpondiculars drawn to 
tho sides from any point within tho area will 
then add up to 100. If now tho comers of 
the triangle be regardctl as representing 
100 per oont each of the oomponeVit metals, 
tho length of each perpendicular from any 
point within tho triangle to tho aide will 
represent the percentage of the metal indicated 
by tho comer opposite that side,* 

* This method Was proposed by Gibbs, Another 
method, sugRested by Rooicboom, which gives ex- 
actly the same result ns (dblw’s method, consists In 
employing an equilateral triangle, each of whose 
tides is Avided j<qto 100 equal parts. 


Thus in Fig. 12 tho alloys which were 
shown in Fig. 11 are replotted on a triangular 
diagram. It will lie scon that jioints lying 
along tho sides of the triangle represent 
alloys containing only two components, while 


L 



{Miinta inside tlio truingle corresiKmd to 
ternary alloys. 

Having lixed on a method of representing 
the comjHJsifion of a st'ries of toniary alloys, 
it IS now iiossiblo to represent IcmiHir.itures 
by erecting, from the triangle, ]K'ri)on(licMilar8 
whose height is proportional to tho temjiera- 
tiiro. In this way tho liquidus of a ternary 
system, which in a hmary system took the 
form of a numlH^r «)f luies at detinito heights 
al)ovo tho Isvst) Imo, Incomes a numlK*r of 
surfaces at delinito heights above the base 
triangle. Similarly tho solidus is represented 
by another st'rit's of surfaces, one of which, 
in the ease of a series containing one ternary 
euteetic, IS horizontal and touches the 
hquidus surfaces at one ]M)int, the ternary 
outectio jHunt. Tho whole system, in fact, 
takes tho form of a solid triangvdar pnsm cut 
up into numerous sections by plane or curved 
surfaces, horizontal, vertical, and inclineil. 

(u.) Solid Models . — The representation of 
such a system by moans of a 8(^lid nuxlel is by 
no moans easy. It has been done by employing 
a plaster of Paris model which can lie dissected 
into a number of solids, each of which represents 
a phase area in the model. This method has 
the great disadvantage that it is not possible 
to see more than a very few of such areas at 
a given moment, which renders it difficult to 
realise the way in which they are correlated. 
Recently, however, it has been shown that it 
is possible to build up a model with wires in 
such a way that each surface is marked off 
with a series of wires.* This method has the 

• " A Model for representing the Constitution of 
Ternary A11o>t9," by W. Roscnhaln, F.R.S., Inst, 
qr MetaU J., 1920, xxlU. 247. 





giest advantago that it ia possible to see ^ 
the planes at the same time, and thus the 
complete correlation of the various reactions 
is rondert*d much easier to grasp. For full 
details of the method reference should be 
made to the paixjr quoted above. 

While the representation of any system of 
ternary alloys is rendered possible, if not 
easy, by this method, the problem of repro- 
ducing such a model in the two dimensions 
allowed in a book is exceedingly difficult. It 
is, of course, possible to photograph the 
mo<lel, but even in the case of a very simple 
system the superposition of a number of 


This method, as wU as the photographic 
one, sufTem from the defect that tlie model 
is represented in jK'rspective, hence accurate 
measurement of tonqx'nituros and comj^i- 
lions become'^ very rlilTicult, and wliilo it is 
the best method yet dq,vised fi>r repnvst'nt- 
ing a general view of the constitution, other 
ways have to he used to give accurate daU 
from wliich measurements can be taken. One 
way is to druw a l.irgo mn lier of plane sections 
through the model. Th.»st‘ can bt^ chosen 
parallel to one or otho’* of the side^^ of the 
triangular prism, In which case each section 
will represent the constitution of a series of 
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planes makes it very difficult to realise which 
linos belong to which pianos, and a consider- 
able amount of confusion arises from this super- 
position. An examination of the photograph 
of the simple model in the paper referred to 
above {Fig. 13) amply confirms this statement. 

Much greater clearness will bo obtained by 
making a series of drawings of the model and 
emphasising one surface or set of surfaces on 
each drawing. Thus the first diagram may 
have the liquidus surfaces drawn in in heavy 
lines and shaded, the rest of the drawing being 
made very very faint. In a second figure ^e 
solidus surfaces will bo shaded, while a third 
picture will show pEnes denoting other 
reactions or transformations {see Figs. 14, 
16, and 16 »). 


* Fitt. 13. 14, 16, and 1« are rej 
permission, from the paper referred 


irodaeed, by kfnd 
to on p. 252. 


ternary alloys in which one of the constituent 
metals is present in a constant proportion ; 
or they can be made along lines radiating from 
one or other of the corners of the triangle. 
In this case each section will represent a 86ries 
of alloys in which the ration of two of the 
metals is constant. 

Again, the sections can be drawn parallel to 
the bare of the prism, i.e. they will be constant 
temperature sections. 

In both these cases, more especially in the 
latter, it U necessary to show a large number 
of sections if an accurate representation of 
the model is required, especially should the 
latter be complicated, and to avoid this 
necessity another method of representation 
can be employed The various plsnos which 
have been emphasised in the drawings referred 
to above can be projected on to the base, 
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and contour lines drawn on them to indicate turos are not required, all the planes can be 
their temperatures [Figs. 17, 18. and 19). In projected together on to the base {Fxg. 20). 



no, 16. 


general, three* or four such diagrams will j § (6) Different Types of Ternary 
represent a complete system. Where tempera- I Systems. — A complete discussion of the 
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different types of ternary diagrams which can 
occur would take up too much room to be 
possible here. For a jwrtial diacuesion of the 


can be rt'prosentod on a straiglit line (one 
dmicnbiHti), and that of a tonmry system 
on a plane diagram (two dimen aionp\ it is 



subject the render is referred to the lx)ok on | 
Metallic Allcrjfs, by (b H. (billivor. Briefly, 
however, it may Ik* stated that li-rnary ulioyH 
may bo clasfcdiod in tho same way oh binary | 



alloys, additional complications being intro- 
duced bv the fact tbatnemary eutectics may 
be formed, and that it is possible to have 
prosont both binary and ternary compounds. 

§ (6) Quaternary Systems.— While the 
composition of a binary system of alloys 


necessfiiy to employ a solid modid (throe 
dimi'iiKiona) to represent the eonijioHition of 
a fpiatenmrv syst^’in. '1 eomjX)Hith)n dia- 
gram of the teiimrv syst^ m is constructed by 



joining up tho straight lines representing ihe 
compositions of tlie component binary systems 
in such a way as to fo^ with these the bound- 
aries of an equilateral triangle^. In the same 
way the four component ternary triangles of a 
quaternary system can be joined up so as to 
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form a regular tt^trahedron. This figure has 
four comers, n^prewinting the four component 
mc*taU, six edges, wliieli represent the six 
binary systenis, and four faeea, which corre- 
spond to the four ternary eomponeiit Hystems. 

Having tim'd up the three available dimon- 
slons to rejirem-nt the eoinjKiHition. it follows 
that it iH not jioHsible to construct a model 
connecting (M)ni|)osition and temperature. 
There are, howf'Ver, nu'lliods for representing 
the (xmstitution which are strictly analogous 
to the n'premuitation of a threc-<“omp<ment 
system «m a plane surface. In the first place, 
it iM jKiHsihle to make a numls'r of “ W'ctions ’’ 
through the imaginary four-iiimensional model, 
n these “ sei'tioiiH " are made in sucli a way 
that they lie along a solid containing a 
constant amount of one of the corniKmcnts 
(for u “ section ” thiough a four-dimeiisional 



a similar way. Consider, for example, the 
liquiduB “ surface ” of such a model. The 
projection of this will be a K'gular tetrahedron 
in which the various compartments represent 
the compositions over which the different 
primary st'parations commence to crystallise. 
It remains to fix the temiieraturo of those 
separations. In the ternary system tliis was 
done by drawing contour lines on the projected 
areas. Them' contour lines will l>e replaced, 
in the quaternary system, by contour surfaces. 
If the projeoled model were built up of wire, 
those contour surfaces could be made of much 
finer wire diatinetively coloured. Other models 
would rejiresent the commencement and end 
of 8 olidifi<ation of binary eutectics, and of 
ternary eutectics, Uic solidus region and re- 
actions in the solid. 


As yet no quateniary sy.stem lias been 



system is a solid), then each of them will Ih' a 
ternary prism, wlu'ro the Ixisal triangk' will 
rtquesont three \ aria hie ooinjionents + one 
fixed one, luul a sufficient numlK'r (which may 
have to Ihi v»>ry large) of .sueb prisms will 
represent the eonstitution of the s;vstein. 

If, on the other liaml, these “ sections ” are 
cut so as to n'prt'Sent constant tem|ieratures, 
the figures so obtained will lie a series of 
regular telrahedra, each representing the 
constitution of tlie alloys at a particular 
temperature, and, again, a sufficient number 
of suob models will represent the eonstitution 
of the series. 

There is, however, another method which 
can be employed, and which has the advantage 
that it will require fewer models to represent 
the series completely. We have seen, in the 
00*0 of ternary systems, that the whole model 
con be representAl, with quite a small number 
of diagrams, in two dimensions by projecting, 
on to the corapj"«ation hose, one set of surfaces 

a time, and drawing contour lines on them. 
**P*^quaternary “ model ” can be treated in 


thoroughly worked out, and the various tyjios 
that can occur have not Ix'on discussed. That 
the alloys cun Ijo very complicated is obvious 
when It 18 roinemlH'rcd that in a very simple 
system it is fKwihle [o have six binary eu tee- 
ties, four ternary eutectics, and oiu' quaternary 
eutectic. Of tlioso the quateniary is the only 
true eutectic, as the others have a variable 
coinjKisilion and solidify over a range of 
temiierature. The composition of the ternary 
complexes (to use a liettor tenn) will vary 
along a lino, while that of the binary complexes 
will varv over an area. 

§ (7) More Complex Systems,— The com- 
position of alloys tontaming five or more com- 
ponents cannot be rc])re 8 ented in three- 
dimensional space, and the only way of dealing 
with them is to consider the system as being 
comiK^sed of a large number of quaternary 
systems each containing a constant amount of 
the remaining metal or metals. Up to the 
present no such system has been investigated 

§ (8) Uses of the Kquilibbiitm Xh^UkiL — 
The uses, and the limitations, of the eqaiUbrium 
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diagraVn are many. In the first place, it 
gives, in a form which is convenient and readily 
underaUKxi, a picture of the ctmstitution of a 
aeriea of alh^N^aV-hich could not be conveywl 
by words without extreme difficulty. Hut 
ht'vond its value aa a contribution to the 
theoretical atudy of alloys the diagram has a 
eonsidcreble pnictind value. As will bt' scon 
further on, there is a close eoniu'ction lictweeu 
the physical [irojicrties and the constitution 
of alloy’s. In general fi rms, it may la* stafisl 
that a metal consisting of an a ph.ise only 
(see § (1) (iv.)) is, as a rule, ductile, an<l cun Is'* 
rolletl into sheet or drawn intr> wire without 
tho application of heal ; that duplex alloys 
(those containing a and ft phases) are generally 
hanler, stronger, and more lirittle, and usually 
require hot wotkiug; while allo\s eontaiimig 
a y phasi? will, iti general, U- too brittle to lie 
of much us<' IntiTim tallie comiKuinds arc 
als«», m gf'm-ral, xcry hard, buttle subhtaiuvs 
whow' pre.scMve, ii> more than \erv sriiall 
(juanlities, shouKl bo avoided exiepi for Aery 1 
SjK'Cial pUIjK)H<‘H. i 

From tlte^s' eon.sideiations, and a knowh*<lge , 
of the constitution of an allu> .system, it is \ 
possible to pndiet, more or less actiirately, j 
tho range id allo\H m that system whali are 
liki'ly to Ih' of conmien i.il \alue. 'Dnis, in 
tho ca.se of .1 penes like that of ( ftpfier and 
nickel, where the two nietal.s .»re eompleteli 
wiliihlo m each other in the solid .si,it<‘, that 
Is, any alIo\ m the s\vt<>ni is a lioinogoncous 
tt phase, it could !«’ <lcdu<’c<l that the whole 
siTies would gne n.S(' t<» woikabh', iluetilo 
materials, while in tlie oop]K'r-tui sistem, f<ir 
examjilc, where the a phase d(K\s not extend 
much lieyoiid l(l jm'T cent of tin, it would Is- 
safe to suggest that alH)ut 1.1 [st cent of tin 
would he the limit of the gener.dlv upcdul alloys 
If a tiansformation tak(*s jilace m a wnes 
of alloys, tho mechanical projSTtics of the 
iimtcnal <picn(he<l from als)\e the tniiis- 
formation temfSTaturo may l>c lery different 
from lliat of tlie same ma tonal ciM»led slowly 
through the traiisforniatiou. In such a case 
tho cijuilihrium diagram will gi\e valuable 
information as to the requinsi quenching 
temperature, etc. The iren carlHin alloys 
furnish a notable example of this. 

It must bti iKinie in mind, however, that the 
equilibrium diagram only shows the condition 
of a 8<‘ries of alloys m equilibrium, and gives 


genc^'-u« It must noted, liowever, that 
the diagram wrill fumish evideiu'c os to what 
phajM’S may Is' prewMit m a metastaiile alloy, 
e\en though it tUn'a n»it define tho conditions 
luressarv to attain that cipiilihrium. Thus 
in the tsqip.T-tin nlloy umler discussion tho 
diagram will show that the m»*fiistahle con. 
j stituent ulxixe .‘KHt ('. i.s !i, hut that at this 
tem|)eiatire tlie nwtio ■ /^=aa 4 5 fiikos jilace. 
In the ca.s(> df « very rapidly eoolcd alloy wo 
shall exjas t to fin I a I nielastahlc ft, wlule if 
tlie c(S)jing IS less rapid the material will 
consist of a + metasfiihlo (a 4- 5). Tins latter 
is what is generally found m eommereial 
samples of 10 jvr cent l>ron/,e. j ^ 


AbldiYS. TIIF KFLATlONSlllp ()F 
STRITTFHF AND PII^SI(’AL FON- 
STANT.S 

§ (1) PlIVSK'Al. PKOPVItTlKS OK Al.I.OV.S. — 
'I'he pliypual jiropeities nf alloys are closely 
connei-ted yyitli their constitution. It luav 
m gcmual Is* said that, on parsing from one 
ph.iHt* field of a eonstitutional iliagram to 
another, the eury<* eonru'cling composition 
yyith any physical property will show a dis- 
(ontinuitv ot Hiiigiilai point. It follows, 
therefun*, that a knowledgi* of tlie equilibrium 
diagram will be a guide m the invest igiition of 
the physieui projMities, both with regard to 
tin* treatment to wliieh metals or alloys 
stiould he pufjcitcd before making the 
iiie.i.sui'cnicnts .ind to the r(*sults yvhich may 
he e\|»octcd owing to yan.ition of comjiosition 
.and hc.il f re.it ment 

A ycry gie.il deal of work lias been curried 
out in the past on the ])hy>ieal properties of 
mcl.ds and alloy, s wliuli is pta<-tically uk<'Ichs, 
or eyeii mishii<ling, ixcaiise the investigators 
hiiyc not n-ahwil to hoiv gri'at an exfi-nt the 
[iriqiertM *\lii(h they have been measuring 
are influeiui'l, not only by lompohition, but 
also by iieat and nuchanieal treatment, in 
other words, to wliat an ext<'nt they arc 
defs'udetit up<.ti the constitution. 

Kvidenee fiir tins can Is* foiind in the \’rry oontni- 
diet»jry itsullx guMi.liy ditten nt workers for wlial 
iH suppoHfsl to Ins the same rimlrnal. Tluis two 
dillen-nt lablcji give the eleelneal nsislance of 
“ brass ” as fe.'j • l<r* nnd 8 - 10 * ohms per cc. 


no indication of the time required to reach 
that state. Referring once more, for example, 
to the cop|K'r-tin alloys, it can lie seen fn>m 
tho diagram (p. 225) that an alloy contam- 
ing 10 per cent of tm sl^uld consist of homo- 
geneous a solid solution. If, however, almost 
any commercial alloy containing this amount 
of tin be examined, it ywU be found to bo 
duplex, and an annealing of several hours’ 
duration will be necessary to render it homo- 


I respectively, fn tin* first plac/* it must be noted 
I that the wool “ braHK ” cover* a whole w*rn*« of alloys 
I whose constilutKin, mid therefore qs'cific rwtisfiinoe, 
I vanes over wide ranges even when they are pure and 
in a stafi* of i>qnihhnum at the temjx'ralure at wlych 
the mejwurvnient w mmle. SToriflly, i ven when a 
complete chernieal analysis of a iiiuterial is given, it 
j is by no means rompletely sjiccified, as tlie previoiu 
UiennaJ .and mechanical hisfiiry may liave a very 
considerable influenoe on the constitution, and 
therefttfe, once more, on the s|>ecific resistance. 
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In the jwat reHultH tuive frwimmtly been 
obUin('<l nut on allov« irnule by melting the 
conHtitiK'iit inctuirt toj;rciji('r and casting the 
reMulliiiK material. It cannot he toi> utrorif^ly 
ernphasiHctl tliat mucIi rcHultH may he utterly 
valuelcsH unli m full ilata of the ratt'H tA cooling, 
etc., arc |j;i\en, or unlcsH the ini)t«*nilH are 
anncalid .‘40 an to he in a 8tal«‘ of e<iuilihrjum 
at the tcnijieiature of the U^st. IMiymcal 
projierty ineaMureuK'ntH, to Im' of any valia*, 
muHt l>o itunle nn alloys v\hich have iH-en 
pnjjieily annealed, unle.ss, of <MturHe, the 
malciial is stated to he worked, or othenvise 
treatcfl, in which case the treatment mu.st ho 
fully spi'citied. 'I'hat a conihtioii (tf projK-i 
anm'alini' has Ix'en icached may often he 
lUsluceil from mictoscopm examinaiion, or 
it may he ascei tamed l»y measuring' the 
physical piojieity at ie|>ealed mIeivalM, ea‘ h 
ineasuiemcnt heinj^ caiiicil »>ut -iftei a delimte 
annealing. When further heat tic.itmcnt 
produces no altmation in the value ohtanied 
hy the measurement, thi' pr<*sumption i.s tliat 
the value is an cipiilihrinm one. 

Jn the present article tiu' investiuations of 
physical piopeities have heen coiisiden'd 
from the point of view of their use in estah- 
lishiii^ the (<<[uilihiium diu^'i.im rather than 
from the conversi' point of view 'I'lie lea.son 
for tint} is partly that, c.\iepl tor the nuM.sure- 
ment of certain propmtie.s, .such as elei-trical 
^ ri'sistanee at room temper.it ures, the invcstif'a- 
tions have j^em'ially been Ciirned out in 
connection with tlu' study <tf cipnliluia, and 
partly htaause it I'liahh's the pros and ions 
of the.se methods, from tlu' point of view of 
establishing the diagram, to he con*<i<len‘d, 
without III any way hampering the consulera 
tion of the elTeet of constitution on the 
jihysical pro|H'rtios. 

The principal [iliysical properties whicli 
have to be considered in this connection are; 
(1) Vllecliicul conductivity. (2) thermal con- 
ductivity, {:i) thermal electromotive force, 

(4) spei-ilic volume, (o) specilic heat, (0) 
electrolytic potential, (7) magnetic pro|ierties, 

(5) those properties winch are generally 
grou|)ed under the head of mechanical 
pnuHTties, ».e. elastic limit, yiehl point, 
maMimim stivngth, elongation, lumliioaa, etc. ; 
(9) Hall and Nerust effects, ( 10) photo-electric 
effects and other optical propertie.s. 

Of these the inechamcul projH'rties an* so 
irajiortant that they aiv eonsideml si-parately 
(I'ide artu’Io “Metals, Kelatum of^Stnvin and 
Structure ") and, with the exception of hard- 
ness, w ill not Ih* discussed in any detail here. It 
may lu' mentioned, however, that the modulus 
of elasticity of metals d«tcs not a]»pt‘ar to be 
ap])n»ciably altcrevi by alloying, which suggests 
that the modulus Is a property of the 'atom 
and is not dejvcndent on its arrangement. 
Of the other ptxiperties, some, e,g, magnetic 


properties, are limited to a few alloys and 
others — the photo-clectric properties, for 
example- have Ik-iui very' little studied. 

§ (2) FiLECTKtcvi, CoNDurTrviTV. — Thcelcc- 
tiical conductivity of a Hcnes of alloys is very 
intimately I'onnectcd with their structure 
and, next to tficrmal and mieroHcojiie methorks, 

' its study IS the most useful mctliod of attack 
I for investigating constitution. It also has 
I the ailvantage that from one set of exjieriments 
'■ thiee dilTerent types of cuives can he plotted, 

; each of wlneli may throw light on the eonstitu- 
j turn of tlie alloys iindor ohservutum. For 
! example, HU[»pose a series of alloys to have 
j Iwcn matle and tlii'ir electrical conductivity, 
i or its reciprocal, the elect rieal resistance, to 
I have betn delermined over a temperature 
1 ranging, say, from above the iKpiidus to 
1 room tempeiature. (’iirvt'S can he jilotUHl 
I for each alloy i-oinieetmg temperature and 
1 I'onductivit y, and the.se eiiives tan be used 
j m the const met ion of the tliagrain in exactly 
i the .same way us theimnl < urves are used. 

I 'riiey have, however, eeilain mlvant.igi'S ov'er 
' t her mill eiiive.v, which will lie coiiMdered 
I Is'lovv. Seeornlly, fiom the oh.si'i vutn»ns the 
I temperature eoclhiieiit of resistance uin ho 
eiihulated foi each allov at vaiying tempera- 
tuies, and for each l(‘rn|)crature a curve 
can h<* dr.iwti comu'ctmg the temperature 
coi'tliciciit witli composition. I’hcsi* curves 
will show bleaks or changes in diicction on 
tlie passage from one phase licld to another, 
and in tins way vcitic.il, or ncarlv vertical, 

I lines on the diagram will he imlnated. Jn 
, both these methods the ahsolnte value for 
! tile resistance is md leipmed, ami therefoie 
i the exact thmension.s of tlie s})eeinu'ns are 
, unimportant. 'I'lie thud method, which is 
j the one most generally u.sed, and is probably 
1 the hvist snti.'-factory, consists m plotting the 
j absolute resist.inee at any tempeiature against 
I the eompo.sition. The curves thus obtainiMl 
1 aie used in the same way as those relating 
! to the tempeiatuie eoeitiiient, hut le this 
ease the dimensions of the specimens must he 
accurately known, and the material must he 
; free from any flaws, blowholes, etc. This 
limits the method to alloy.s wliieh can bo 
, workeii and also which can he either cast 
■ fri'e from hlowlmlos or can be rolled or wire- 
j drawn so as to close up any holes which may 
have formed on casting. 

As a means of investigating the constitutii.n 
I of a series of alloys, the study of electrical 
! conductivity shares, with other physical pro- 
! jK'rty measurt'ments, certain advantages over 
j thermal analysis. One of the.se is that the 
1 conductivity measurements can bt‘ carried 
j out at any dosircvl slow ne.ss, and so et|uilibrium 
I condition.s are much more readily attained. 
1 Further, conductivity curves wiH indicate 
i steeply sloping lines on the diagram, such as 
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»i>luhtlity limit#, while it is very rare to find ^ 
cviilein'c for tlu^ crtMwin^ of such lines on 
ilu'mirtl curves. ' 

U w poswihlc, and indiHsl advisshlo, to plot i 
the curves connecting' con)jM-»8ition with both , 
conduciiMty an<l resistivity. The fttrmer, in j 
goner.vl, indu ati^.s discontinuities more cleurly, , 
while the latter is usually mon* nearly linear, j 

It ajipears to he a univeri<d rule that alho’ing i 
lowers the electrical coinluctivits (*f metals. ; 
This irt most marked where solid bolulions an* ' 
formeil. It has lava suyj»este<i that this may ' 
Ix' due to ivlliei elleels ‘ at couples formed in | 
the alloys. This theory is, however, no longer 
held. ] 

The ty|M's of eleitrical eonduetivity-eom- j 
position * l urves found in alloy svstein.s may j 
Ik‘ divided into three classi's : tl) Straight, or ; 
nearlv ^ti.iight, lines aie geiieialh found in 
heteiogem oiih ti'gioiis.sm li Hseutss tus, though j 
it iH stall'd that ddh'reiu e*. in the ariangernent 
of the phases will intioduee small deviations i 
from this hncai .irianguucnt {-) Solul sohi- i 
lions civc use to a steeplv falling (une I he ! 
curve falls much mole rapidly with the lirst ! 
addition of the allovmg metal Where the j 
allo^ys foiiu an unbroken .sines of solid solii 
lions, iIk' I hi VO takes the foim of a deep, | 
Hat- hottomtvl U. (.'!) 'I'he prc.sence of an | 
iiitennet illu • omjiouml lauses a sharp < usp, 
geneially, though not invariahlv, pointing ! 
iipwatds. 'I'he eonduetiv it v of the <'ompound 
i.s always les.s than that of the Kunpoiient 
having the higlici coiuluetiMt v , though it 
mntj he gH'ater than that of the other ion- 
stiluent It H also invaiialHv lower than 
that <'al( iil.ited hy assuming a re<tdinear 
lel.itiomhip Itetwten composition and eon- 
ductivitv. riic p.issage from one phase field 
to allot lur geimrallv eausi-s an ahnii>t i hange 
111 the diicetion of the c onduefi vitv-Ciunposi . 
tion ( urvo. rins fact has h(s*n used to deter- , 
mine the limits of .sohihihty of one metal in . 
another. I 

The lemjKTaturc (HS'flii lent liehavcs in the j 
same w.iv a«? the eonduetiv itv, i c. the curve 
oonnectnig tem[ierature em'ftiiient and eom- 
p«)siti(jn IS linear in mi\ture.s and U-sha|Hsl j 
in a series of solid sfilutions , the fonner is ^ 
fre<piently expn'sscd in metallograi>hio work 
as the pe’eentage flpereaae of conductivity 
lx*twecn O'C. and ('., and is terme<I P. 
For pure metal.s P has a value varying from 
27 to .*U. For intermetallio conipounds it 
is somewhat smaller, being 22 for the com- 
pnind {‘uSn, while for s<*lid solutions it may 
be 7.ero, or in rare cases, negative. 

There arc few systgms whose cleetrical 
conductivity has Is’cn carefully worked out. 
Fig. 1 rcpiesents the diagram for the alloys 

' ilajlclgh, Saturf, 189ft, Uv. 1.14. 

• The comimition use<l slwuld be oompositioo 
by voiUQie and not by weight. 


of magnesium and cadmium,* ami Fig. 1 B 
is the eiirve of dwtrical conductivity <»( the 
senes at 2,V (*.< At each end of the diagram 
an* the dcscemling branches of the U'shaj)ed 
curve, due tsi the /i solid solution. Tliis U* 




how'ever, is interrupted by the apiicarance of 
the a solution, whidi is the compouml Mgt'd 
in solution in the eoini>onent metals. In the 
narrow regions where a and ("i ('oexisl the 
conductivity ris<‘s hneaily, while the two 



Fio. 2. 

U-shapwI branches an* duo to the solutions on 
either sKle*of the compound, which, itself, ii 
I inilicateil by a sharp cusp. 

' Fig. 2 A indicates the electrical resistivity 
; and Fig. 2 B the temfierature coefficient of 
t resistance of the alloys of cojiper and zinc : * 

, • Orube, Z^U f nnorg. Chrm , Ifi'l.l. xllx. 72 

♦ tJrasow, Zeit f. anftrg. Chem.. 1912, IxxHi, 80. 

» Pushin and RJaschiky, Zeili.J. anorg. Chem , 1018, 
* UxxU. ,10. 
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these can ite compared with the diagram given 
on p. 223. 

Finally, Fir/. 3 in a t-emperature reniativity 
curve for an alloy containing 37 per cent 
and 03 per c<>nt Sn.^ It nhowB the break due 



to the Molidilication (»{ tin' eutectic an<l to a 
polymorphic trannfoimation in the f con- 
Htitiicnt (mco p. 22o). 

'I’lio fact tiiat the formation of nohd solu- 
tiouM cau.scn a i.vpid nnii m reni.stivity c.in ho 
used to determine the jmrity of a metal 
Owing to the increaHe in purity of copper 
refined l»y electrolytic methods over that in 
use when .MatthieHMon intioiluecd hin cop|K*r 
Htandard, eommorcial e«ipper can now Jie 
obtained whoso coii<luctivity, cxpri'ssed in 
tr^ruis of the iMatthiessen standard, is Ktl 
jier cent. 

It has lH*en shown that the addition of 
(lifToreut elements to iron raises it.s resistiMty 
in profiorlion to tlu' atomic |M‘reentage of the 
added clement, provideil it is present in solid 
solution. For sinh elements, the resistivity 
of the alloy in microhms per cubic cm. Ls 
U 7 tH 2b'8i)(’, 1(! iH'ing the dissolved 

carbons the carlnm <H[uivalent of the other 
olements.* 

ji (3) 'fiiKHM vf. ( 'ovnniTiviTY. -VVicilemann 
and Franz* have shoan that the quantity \/n 
of tlie ratio d’hcrmal ('onduetivity/Klectrical 
rondiietivity has a constant v.due of about 
130 for pure metals at a given temficraturc. 
LoriMi/;,* however, has ilcmonstrateil that this 
is not strictly true, but that the ratio increases 
with UmijK'ratimi. Further work »m thi.s 
subject has been earrii'd put by Jager ami 
I)ic.selhurst ® and laws." For .solid solutions 
X/v ia higher than for purt> metals, and it is still 
higher for compounds. From this it follow.s 
that alloying does not affect the thermal con- 
ductivity to nearly as great an extent n.s it 
affects the electrical conductivify. As an 
example, it may Iw mentioneil that the thermal 

* llaughtnn, Ftimtiitf Sw. Trms , 1020, 

* lieneOlrks. Znts. f phys. Vhrm.^ 1002. xl .'itS. 

* PoRgeiulorf's .iNtui/rn, 1853, Ixxxix. 497. 

* dMH. iirr Vhyn., 1S82, xlii. 422 

» Ptfusn. AM iriM., .ruly 1899. 

* Roy. Sor. Phil. Trttns., 1905, cclv. 433; 1908. 
ccvhl. .381. Sec also article on “Heat, Conduction 
of,“§(10) (1.), Vol. L 


conductivity of aluminium ’ Is 0*5, while that of 
an alloy containing 8 per cent Cu, 1 per cent 
Ni, and 91 per cent Al has a thermal con- 
ductivity’ of ()-4. This fact has made certain 
of these alloys extremely valuable for use 
in the maniihvcture of internal combustion 
engine pisbms.'* 

Owing to the similarity of the results ob- 
taim*d by electrical and thermal conductivity 
measurements, and to the much gn'ater ease 
of obtaining tlu^ former, the latter have 
been very httlo employed in motallographic 
work. 

§ ( 1) TiiKRM VI. F.M. F. — Pcrha[).s next in im- 
portance to the study of electrical conductivity 
IS that of the 'riicrmal Flcctro-motive Force 
generated lM*l\veen the mcmliera of a series 
of alloys with sonic standard rnctal, though 
the eiiives obtaiiKMl by this method are not 
always as e.isy to inteipret as those obtained 
fiom flu* stmly of ele(;trii*al resistance. The 
n'.ison for Ibis will be sccndatcr. 

'I'hc ic.Milfs obtained from the study of the 
tlu*rmal F.M.I<\ of a series of alloys may (as 
m till' ease of the study of electrical conduct- 
ivity) 1x1 }>lott('d in tliri'eways. Observations 
(Mil Im‘ taken on a senes of alloys, in each sample 
of which the tlu'i'mai F.M.l''. against a standard 
metal IS observed when one junction is kept 
at <F(’. (or some other eonvenient tempera- 
ture), and the other is gradually raised to the 
meltifig-i»oint. Or a constant difference of a 
few dcgiees can l>e kept lictwocn the tw’o 
junetions, and l)oth gradually raised. In 
this way the ratio (ic/df, the thermo-electric 
power of the couple, is observed. The curves 
obtained in either of these ways can be used 
in flic const nil lion of the diagram in the same 
way tiiat thermal curves are used. On the 
other hand, the E.M.F. of the series of alloys 
can l)c obtained aizainst a standard metal, one 
junction lioing kept at /.ero and the other at 
a definite temjieraturc, sny UKF C., and the 
re.sults obtained are jilottcd against com- 
position. 

As in the case of electrical conductivity- 
composition curves, heterogeneous regions 
tend to give n straight line, and homogeneous 
regions a curve, when the tliermal E.M.F. is 
plotted against the composition, hut it is 
neceasary to plot the eomjiosition by volume 
and not the comjio.sition by weight. Now, 
as will be shovin later, the volume of an alloy 
is not necessarily tlie sum of the volun\ea of 
its eomponenla, and it is therefore necessary 
to find out the curve of specific volumes 
of the series liefore the tliermal E.M.F. is 
stiidieil if conclusion)^ from the general shape 
of the curve are to be drawn. In addition 

’ These figures arc gram calories conducted pr 
sq. cm. per second across a slab 1 cm. thick having 
a temperature difference of T C. ;x'r cm , the testa 
being carried out at lUO'’ 

• Fv<« article on ‘ Ahiminiura Alloys,” § (2). 
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to thU, it haa recently been shown ' that the 
ariungcment of the constituenta in an alloy 
affoota tlie thernuil E.M.F., which it will 
generate in conUict with a atandanl metal, 
wi that irrcgiiliirituia may he intriHluced into 
the curve in thia way. Thia i» one of the 
cauacM of difliculty in interpreting the rcaulta 
obtained by the Htndy of thermal electro- 
motive force in tenna «*f the eqviilihrium 
diagram. Another difhcnlty is introtUn^wl 
by the hut that in some ea^^^'s the formation 
of a wilid solution raises the thermal E.M.F. 
(against a standard metal), and in other easea 
lowers it, w’hde m certain ea‘s'H it raises it at 
one tein|MMatnre and lowers it at another - 
At a temperature intermediate Udween these 
two, the E.M.F. will be nnafT<H'ted by alhiying, 
and therefore tlie eiirve conneeting E M F. 
and composition will Ik* a htranrbt line at that 
parlii ulai temperature, a.s iboutrh the allots 
wcie lu’tcrogeiieouH amt md hotnogeneons. 
Tbes«‘ ef)nsi(lerutionr however, only apply to 
curw’es conmeting E.M.F. with conipo.cition, 
and md to curves only connetting F'.M F. 
with temperature. 

The theondieal reasons nml(*rlying the shajie 
of the curve fur s<ilid solutions cannot In* said 
to known It lias U'en suggested tliat it 
is due to till* format'on, in solid solutions, of 
couples of whidi the, E.M.F.'s lue addeil 
togothiT, thew' causing the thermal E..M.F. to 
vary. This h md, however, proved.'* 

In Fn/. 4 is given the curve eorimsting the 
thermo-electric power and coni[ai.sition of the 



alloys of aluminium and magnesium.^ If 
this Is compareci with the diagram, ** it will be 
seen tha*, : 

(i.) Tp to alsnit 10 per cent Mg this is a 
curve corresponding to the solid sfilution a. 

(ii.) From 10 |)or cent to about 40 per cent 
Mg the graph is rectilinear, corresponding to 
the heterogeneous field a ^ /?. (Enough points 
are not taken to indicate the narrow field of 
pure (i between S.'i |)er #ent and 38 {ler cent 

Mg.) 

* Hauahton, Intitbdf of MetaU Journal, 1&20, 
xxili. 409. 

* Bronlew.skl, Ann. dethem. ft phun , 1912, xxv. 5. 

* Ibid. F 

‘ “ Typical Alloy Systems," Fig. 10, p. 231. 


(iii.) lietweon 40 i»er cent and 48 Mr cent Mg 
tho graph is again rcetiUncor, though the slope 
ia very dil^e^•nt This represents the hetero- 
geneous field ,i d 7 . 

(iv ) From 48 jad cent to 00 j>cr cent Mg 
the graph rises very rapidly, and then falls 
away again to about Ik) ywr cent. This eorre- 
s|Hmtls to the R'»paration of the compound 
forming the solid ^ .lutioi •>. Agum, then’ are 
not enough jsuuts aeiuiutely to determine 
whether this part <f the graph cimsists of a 
simsdh curve i-r two intena'cting straight 
Um« - theoretically, it should Ih' the former. 

(v ) In the next ivgion the straight line 
Is'twei'n Ck) per ei’iit and IM) per cent Mg 
corresponds to the hetorogeneous field of 
7 4 while 

(\i ) lietweeii DO |M*r cent and 1(K) jst cent 
.Mg the relationship should be e'juvssed by a 
curved line. As, lutwever, only (wo jioints 
were obstTVed in this region, it is inniossiblo 
to say what the sli.ipi* iietually l**. 

It will be Hi'cn that the cuive is jilottod 
against <'omj)o.sitioiis in weight yicT cent 
instead of volume |M‘r cent. Tfie specific 
volumes of the series have not been suflieiently 
aeeurately determinwi to make it advisable 
to u.se (fio latter me(|i<sl of plotting, and this 
may acoonnt forsoineof the slight diserejiancies 
Iwtwoi'n the thermal E.M.F. results and tho 
equilibrium iliugram ^ 

TlHTmo-ekstnc measuieim'nts have liocn ^ 
made on Inkb jiure metals ami alloys with a 
View to sludving the elTeet of annealing 
Iiardened matcn.il If a win', banlened by 
vvoik, is connected with a similar wire, which 
has U'cn annealed, .md the junetion in heated, 
a tbcrnio-eleetiic foree is generated. If the 
teinyK'iatun' is gradually raiscsl, a point is 
reached when the woik-hardoned mat(*rial 
conimenees to anneal, the E.M.V'. falling off 
rapnlly at this temja*rutim‘, and becoming 
zero when the material is conijtletely anneak*d. 

§(5) Si’Ll I H(' VoLiiMK AM) Thermal Ex- 
pansion.- 'i he study of SjKH'ilie Volume, or its 
reciprocal, S|K'eific l>ensity, doc's not throw 
very much light on the constitution of a series 
of alloys, although tlie, study of the volume 
changes in an alloy, measured by means of 
Its exjiansion whew heated, is very useful in 
the determination of allotropic or polymorphic 
changes, and this method could, no ilouht, be 
used for detecting other changes (duo to 
transformations or reactions, for example) 
which occur in alloys. The method has, 
however, no markeil advantages over electrical 
conductivity measurements or the study of 
thermal electro-motive forces, while then* are 
several disadvantages inherent in the use of 
this property. In the first place, it is almost 
impossible to investigate the thermal expan- 
sion of materials hetw'oen the liq nidus and 
the Boliduo. A large amount of wuik on the 
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volume ohanj^CH undergone by alloys on cooling 
from the liquid has l)een carried out by Turner 
and otherH, but the rcHuIts, th(»ugh in many 
COHOS of great practical value, are influenced 
by HO many factorH that they are extremely 
dirticult to uHo in the study of equilibria. A 
further drawhai'k to using data obtainoil by 
the study of Hjiecitic volume lies in the fact 
that the graphs 
connecting siwcitio 
volume and com- 
position are neaily 
straight linos, 
whether they deal 
with homogeneous 
or heterogeneous 
equilibria. Breaks 
Kio r. in the graph will 

indicate the limits 
of the various jihase fields, thus Ftg. 5 
represents the hyiiothetieal M|>ecilic volume- 
composition curve for an imaginary Bones 
in which a compound is formed. Such com- 
pounds have almost always a hover s{)ecifio 
volume than that of their eiunponent metals, 
though m the eivso of those formed with either 
antimony or arsenic the reverse is true. It 
has Iwcn said that ' ileviation of more than 
1 per cent from the mixture rule indieatos the 
existenei^ of eompoumls. 

Fi(j. 0 hIkovs some temperature-i'vpaiision 
curves for iron and iron carhon alloys obtained 
hy Honda.' The lirst curve, which is that of 
pure iron, shows the allotropio moditieation 



Fiu. 6. 


known as A3, both on heating and cooling. 
The second curve represents the ex])anBion 
on heating and cooling of steel containing 
0-18 |X‘r cent The change in c.xpanBion 
due to the separatiiui of carbide can be seen 
on this curve in addition to the A3 point 
In the other two curves the two points are 

' Ouia, Cfn>inical Comhimtion amontf Mrtal, p. .’>7 

• Homla, Scime* Report*, TOhoku Imperial I'nlv. 
vl. No. 4. 


merged into one (vid^ article on “ Iron-carbon 
Alloys,” § (7)). 

§ ((I) ScKciFic Heat.— V ery little work has 
been done on the relationsliip lietween the con- 
stitution and sjiecitic heats of a series of alloys. 
The method has boon us<*d cliiefly in searching 
for inter- metallic eom])ounds, which in general 
appear to have a speeitie heat lower than that 
I calculated fiom the law of mixtures, 
i §{7) Klei’tkof.ytic I’OTKNTUL.— The mcas- 
! ureinent of the electrolytic potential generated 
between an alloy and a pure metal when they 
are made the poles of an eleid roly tie cell, 

' was one of the eailiest rnethoils used in the 
investigation (d the constitution of alloy 
' Hysteins, l.aurie ^ liaving earned out work 
i on copper-tin alhtys as oaily as 1HS8. The 
! method has also been used with considerable 
Bueeeas in the study of allotropic moditications 
in jaire metals. 

j The study of ideetroiytie potential and the 
: interpretation of the results obtaiiie<l arc 
I beset with ddlieulties, some of them theoitdical 
j and others juaetieal. The piaetieid ddlieulties 
; are many, in the lirst place it must he 
1 rememhoieil that the action t.ikes |)hice at 
j the HUifaee of the metal. This moans that 
the surface must he absolutely free from 
' str.ain, oxide hlms, etc. Fiirlhei, the potential 
I genet.ited will vaiy with thi' constdiu'nts 
1 (‘Xposeil to the ('leetrolyle, so that m the ease 
j of an alloy which is not homogeneous, or one 
in which one constituent is sheathed hy 
another, paitieiilaily whim this latter is 
iii.soluhle, very mislcailing ri'sults may ho 
<d)tamed. 

Another practical dillieulty is to decide 
what value totaki' for the electrolytic potential. 
Wlicn the alloy is first immersi'd in the electro- 
lyte, a certain value is obtained, hut this 
changes rapidly, geneially m the diminishing 
direction. It may hecome asymptotic to a 
; constant value or may oven lu'eome reversal. 

1 Some obseivcrs havi' used data obtained fn»m 
! the K.M.F. generateil at the lirst immersion, 
I while ot hem have used the final values. Neither 
method is entindy satiafactorv. 
j The theoretical ilillieulties are mainly due 
j to the fact that the theory of equilibrium 
iH'tween an alloy and an electrolyte is only 
known in the siinjilest rases. It has, for 
j example, been assumed ' that an intermetalUc 
j compound sends out ions of the same cora- 
' position as the compound. This assumption 
1 api>ears to be quite unjustified in many cases, 
j The forms of E.M.F. ooniposition curves to 
j Ih' ex])eeted in alloy systems have been 
summarised hy Dese}' ® as follows : 

(i.) All the alloys of the series consist of 
conglomerates of pure metals. The potential 

* lAuriv, Trnne ('hnn Soc , 1S88. liiA- lfi4. 

* Koludt rs. Znt. f pAj/.s ('hem , 1903. xlH. 22.'». 

‘ Descti, Metaliogntphv, 2iul <\Ution, p. 184. 
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throughout that of the more poaitivp metal, 
and the eur>e is a horizontal Rtruight line. 

(li.) The metals form a eontinuoiis neries of 
»ohd wdutions. The j)nU‘ntial varies in a 
continuous manner, and the curve has a 
logarithmic form. 

(lii.) Solid w)lutions of limittxl concentration 
are formed Tlie (•ur\e is smooth vithin the 
ri'gion of solid s^dutions, as in (ii ) ; the gn]> in 
the Muies is rcpreaonUsl hy a honzontal 
portion of the curve. 

(iv.) A single comjiound is formed, solhl 
atilutions hcinii ahsciit. The curve is compoHtxl 
of two horizontal portionH totmc<‘t<Hl hy a 
vcitical line repress nting a suddf*n ihangc of 
potcnli.il 

(\.) .Sc\cr!il intci metallic comjioiinds o< < iir 
in the scries, hut solid solutions an' iihNcnt. 
The curNc 18 compos'd of 8c\cral steps hko 
those of ). 

(\i ) Ih'tli cnmpoiimls and solid s<>lutions 
ate foi rned M'lic i urve h a i omhmatiou of (n .) 
or (v ) with till I A vmlKal line, that is a 
sudden fall of jiotcntial at a certain conij'<»M- 
tion, iiulK.dc.s th(' e\istcnee of a compound 
having ( \ai tly that coinposit'oti If two 
honzontal |ioiti ms arc contus lisl hy smooth 
cuiM's, and not hy vertn al lines, the iH'ginning 
and ending of thcM* shtping jautioiis indie.itc 
the Hppc.uam e of new pli.iM\s, If a l ompound 
forniM solid Solutions with Im ih (ompotHnt^, 
there is no aiidih n fall of potential, an<l tin- 
C'om(»o>.uion of (he <om|>uund cannot la* 
inferred diret tl_\ fiom llw eune 

In the nil a.surement of ele<trol\tn jmtential 
tlie electrodes used aie goncr.illy the alloy 
being irnestigated ami one of the I'ompoiient 
metals, and the ('Icctrolytc is an .u id or alk.ili 
which foiins a liut slightK soluhlc 8,ilt with 
the positi\ (‘ metal. 

Where the method is la-ing used in invc.sti- 
gating allotropic changes in |iuri‘ metalH, the 
diflieultu'H are not so great. (Jenei.dly speak- 
ing, one electrode will roiisist of a sit tuple of 
ihoroiiglily annealed metal which may even 
he amalgainatetl, while the othei electrode 
\n an annealed and (pieiiehed sainjile of the 
metal. The electrolyte will l>e a solution of 
a salt of the metal iimler investigation. 

In all ea.ses the K.M.F. is inea.sured with a 
potentiometer or electrometer, so a.H to avoid 
ixilarisation. 

Fig. 7 shows the E.M.F. (A sami)lc.s of pure 
zinc quenched at different temja'ratures.* The 
changt's m the direction of the curve at the 
two allotropic change jxunts are well markeel. 

§ (8) Maonktic Propkrtiks. — While the vast 
majonty of metaks and alloys an* so slightly 
magnetic that no inforillution can ho obtained 
as to their constitution from magnetic 
measurements, yet in the so-ealled feiTo- 

‘ ItinRliam, InttfivU of Metah Jorimai, 1920, xxlH. 


' mugnetie metals and their alloys those measure* 

I inents h,.\e Un n inueli usihI. 

I The chief proja^rtioH which have been 
j invisluatcd ui’e the susi'i'ptibility, permo* 
j abilny, indue- 
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tmii, eweie.vo 
fon'e, and n*- 
manenee. In 
(he study <>f 
mugnetie pm 
pertie.H a- a 
nit'ans <»f in- 
v(‘sti'_Mtuig Cull- Km 7. 
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siiseeptibihts . and paitnularly its viiriiition 
with t< ni|Ki.i(ure, Iwus hicn t hielly studied. 

The shape of the HUHeej)til)ihl\ temjtendure 
curve vanes aeeordmg to the field sto'iigth; 
thus 111 the e.iH^' nf pure iioii llu* euive in 
Fig. 8, wlmh was taken witli a lield of 11 11), 
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it suH( I'ptihility till a 
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zero at 7l)t)‘ With 
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shows a steady 
tenijMTalure of 
curve dmps i.ipidly 
very high fiehl 
Strengths, <m the 
otlur h.oid, the 
KUseeptlhilif y falU 
at liist slowly .ind 
tin n mole tapnily ; 
the temperature at 
wlmli it Ixs-ouies 
/cm IS. however, 
indepeudeiit of the 
I'cld .slletiglli 

The s(u<ly of 
.varMtnm of su.s 
e<pt ihil it y with 
temperat ur<“ lias 

Ix'en mm h used in investigating the allotropic 
inoddie.ations of non and its alloys, a non is 
stiongly magnetic, while li and y iron are non- 
magnetic Siisu-plihility TtieahUit'meiils are 
tlierefore very smlahle for determining the 
tenipeialui' at wlmh the < hange takes place. 
In aihlilioii, • emenlili', Ix'^t is magnetic up tx) 
alauit 2tH) (' ,and then heconies noil-inagnelie, 
due iloubllesH to a polyniorphie change. 
This iH the Ad |ioint “ wlmh (an he w'en on 
all suHcptihilitv -tem)H*ralure curves of steeU 
eont.nmng fres ('ementite. A similar poly- 
morphic transformation has Ins'n recently 
observed in the eomjtound Ke.,P, which 
boeome.H magnetic on cooling at alsmt OtK)'' C. 
In neither of thew* eaw'S can the transfonna- 
tions l>e detected hy thermal or rnicroseojiical 
analysia. *Fig. 8 a, taken from Profeasor 8. 
W. J. Smith’s pajXT,* indicates the results 
obtained with eeraentite • 

It would apfiear that these two eompoiindfl 
are amongst the few ('xeeptimiH to what 

’ TIon«ta, Snmre lieport»,’r Dhokw Imiarlal Viilv. v. 

No r,. 2h:y. 

* Smith, Fror. phun Hoc . 1912, xxv. 77. 
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Roems to 1)0 an almcwit univerwal rule, that 
intormetalliu r ()iiij)oun(la, one. of whose com- 
|K>nentH is a ft‘rn)-iuajj!nelie metal, an; n<m- 
maf^ru-tic.^ In the cane* of alloya, both of 



Temperature 

Fiu Ha. 

whose components aie f<*iro-mu;Aneti»', no 
oorn[«»tin<ls :in' formed, witli the \ciy doubt- 
fully poHsdile <'as(' of iron and nickel. 

Solid Moliitions couHistinn piimapally of a 
fcrro-mamietie element aie fiu lo-magnetie, 
but their compoundH are para-maj'uctic. 

I While feiTo-mafJineUc Hubstanees genera 11\ 
give nso to non-magnotie <onipoiind.s with 
non-magnet 10 eh'tnents, it has la'en fiaind 
that in certain cascM ferro-mai;netic compounds 
are formi'd from non-magnetie subMtance.s. 
The most important of thest* are the Heusler 
alloys.’* 'rhesi' arc e.'<s<'ntiallv alloys of copper 
and manganese eontauiing either aluminium, 
tin, bismuth, or certain other met^ih The 
best results aix' obtained when aliinnnium is 
used. It iij'jK'ars certain that thew mnunetio 
pro{K'rties are I'onms ted with the formation 
of compounds, and in the ease of the (*u-.Mn-Al 
alloys the ferro-magnetie material aiipears to 
1 ki a solution of (hijAl and Mn,.\l ; these two 
eompound.s an' themselves very slightly 
magnetic. The eon.stitution of the fanies has 
not Ikh'ii projierly wi>rk<‘d out, but it is 
obviously very complex, aiul it has been 
found that thermal tn'atuieni has a marke<l 
elTec't on the magnetic pio|M'rtiea ot the 
allo'yu 

Other intermetallio eompound.s are knowm 
to bo ferro-uiagnetio. Anmngst the more 
interesting of these are the compounds of 
manganese with bismuth, boron, and anti- 
mony, The first of these, MnBi, is esfiecially 

’ It must Im' luiniltted, however, that rarbon ami 
phosphonia not iM'lng metals, these two euiniMUiiuia 
art not, atrictly .speakliut, intermetallle. 

• Heiwler, I rr A. ik\4. Phy$. Ue$rUti:‘hnft, 1903, 

p. 210. 


interesting in view of the fact that bismuth is 
diamagnetic. The compounds Mn^Sb, MnSb, 
and MnB have a coercive force greater than 
that of tungsten sb'el. 

Magnetic measurements have been used in 
studying the constitution of alloys of tin and 



Fm 9. 


j eeptibility temperature curve of Ibe alloys of 
I till and liiekel, the eoinpM.sition of the eoin- 
I poumU heing indicated on tho curve. Up 
to <>0 per cent Xi the obsei vatioris wi re carried 
out at 2r)'' above this at 

§ (9) 11 AHiiNV.N.H -The study of the hardness 
of alloys has heeii earned out more with a 
view to investigating then eornmoreuil useful- 
iies.s than as a means of throwing light on 
their eonslitution. Much can 1 m) learned 
, from this pro^ierty, howevi'r, fomi this latter 
point of \ K'w. 

It is probable that under tin' term baldness 
are eoiiipnsed Mt.\,.r.d ddTerent jiropeiiies, as 
various methods of mt'asiireiiK'nt do not 
always give eoneordant results. 

Ill hel4'rogeii('oiis lields tho curve connect- 
' mg hardness and composition approaches a 
stiaight line jmning the hardnes-ses of the 
eom]ionent metals. Whore solid solutions are 
formeil the hardness curve rises between the 
j components and leaihes a maximum at a 



Fig. 10. 


! oomfioRition approximating to that of equal 
; weights of the conqxments. When n com- 
* pound is formed it is generally much harder 
i than its component metals, though if it forma 
i solid solutions with both components the 
j coniposition of the cor^pound will l>e indicated 
by a minimum on the hartlm'ss curve. An 
example of the second case (i.e. where solid 
solutions are formed) is shown in Fig* 10, which 

* iluuda, Ann. d« phyitxk, 1910, xxxh. 1003. 
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representa the hanlnew of the goUl-ailver 
alloys.* To illustrate a nion> otiniphcatetl 
case leferi'iirr may l*e nuule to the hanliu'aa 
of the cojtjK*r tm alloys. The rurve shown 
in Fig. 11 is n plottt^l from rt'sulla obtained 
by Haiijililoo timl Turner * ami rt*j)rr‘«ent.s the 
hanlnesa of alloys eonlamin^ uj) to ,>(> [kt cent 
of tin. llevoml tins }Xtint the alloys were too 
far reinoV(<l from tyjuilibnum for their 
hanimss to Im* (om'lated with the mnKtitntion. 
rp to 10 |KT rent Sn the eui\e la nearly a 
Btraiydit line ( oriesp-ndin^' to the a s<*hd 
aolutiiui lietwmi 10 per cent amt 25 js^r 
cent Sn theu- ire two jdiasi.s pretaait. a ami 
the eompoiiml ('u,Sn, and the hardness curve 
is a rapidly n.Mtig straiuht lino. From 25 jK'r 
co'iit to 32 |)or cent Sn the allo\s consist of 

C«<S»i Co,S>i 
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solid solutions of (’ii,Sti. 'Die liardne.HS nws 
rapidlv, then falls to a small minimum and 
ris(\s ayain, the mininuim eorresjumding with 
the eomjMisition of the eomp<»und. IMween 
32 per cent and about 3S per icnt Sn the 
hardness falls in a linear manner < oii-eapomling 
to the htdeioizeneoiis held of ('u,Sn and 
('ii,Sn. It then risis st<‘e]tly at 3H {>er cent 
Sn, whu h. in the jmbiished diajirams, is shown 
to fs' insoluble in eithei of its neighbours, 
and then falls once more along a straight line 
in the Held (hi^Sn + f. 

§ ( 10 ) 'I’mk 11 am anm) thk Nkknst Effects. 
— Both th(‘se offcet.s have been studied to a 
lirnitctl extent m Amenca in connection with 
the constitution of alloys. It would appcAf 
that the eurve.s are very similar to those 
conneetirm thermal K..M.F. and constitution. 
Fig. 12 shows the Hall and the Xemst effects 
in the antimony-/.in< allt>s,® It will be seen 

* Kurn ikoir. I’lishia, ami .'^mkowski, ZtU. anorg. 

Chem., 1021), Ixiii 121 

* HauRhtin .in<l Turner, /»Af. of Metal* Journal, 

1911, 02. 

* Smith, Vhytical Rex teu), 1911, xxxii. 178. 


I that in both elTeets the existence of the 
I eom|a)und SbZii is inarkKl by a very large 



peak in the <uive, but that the eom|K(Uiid 
Sbj./n.j is not shown. 

§(ll) IhloTo-EiacTHlC AM) OlTK’Al l‘lU)- 
, FEHTiFs -'Die element selenium is the Is'st 
known of the metulH exhibiting nmiked jiliolo- 
(leelne piopeities Its eleitneal ii'sislaneo 
IS eoiiHulerably nslured by the action of light. 
It has recently lu'cn shown* that a thuHiiim 
oxygen sulphur eoinpouml la haves in a 
similar way, the jilioto-eln I nr offeet Is'ing 
even nioie niaiKisl than with selenium. ^ cry 
little systemati' study of (he iidationship of 
photo-eleitne elfeils ami constitution has 
Is'Cii earned out, and it laiinot he ehiitueil 
that, 111 the few eaw'S that luive been mvesti- 
gated, mueli light has been thrown on the 
eonMlit>ition hy (he wink. 

1'he optical piojMTties have Is'en evim less 
stiidusl, and in the fi w euw's iru estigaU'd 
I <‘orrolalioii willi (he (onstitntion is very 
! ditikult. /)(/. 13 shows (lie index of reflee- 
tion of the sih ei cojiper senes, tlie phase 



fields Iieing indicated on the base line of the 
^ iliagram. It will lie seim that the index of 
^ reflection rises with increasing saturation of 
1 the solid Imlulion and then falls on the 
appearance of a si*cond constituent, reaching 
1 a minimum at the cuteetic composition. Jt 
‘ seems unlikely that this methfsl has any 
' advantage over microscopic study as a 
^ means of constitution, j jj 

• W. ('.w, Phvn Rf*' , 1920, p. 209. 

I * OpplU, V.R„ 1917, X. 150. 
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ALLOYS, SOMP: SPK(’[AL 

Undl'H Ihd hoadinji: Ihom* alloyM are 

dealt with \vhi<-h are of Hpecial ituportance 
or intorcst (>ither from the point of view of 
tficir phynifal profMTtieH or on a<fount of 
their utility fur particular puiposes in the 
lahoratory. cither for the count ruction of 
iiiatnimcnts oi otherwini'. 'I’lie alloyn most 
comriuuily met with, niich as ordinary hrasH and 
hroii/c, uteel, etc,, will only he I’eferred to as 
far an necennary for pui poses of comparison. 

8(1) Si'KciaL liftoN/KM \N'i) Bkissks —The 
simple alloys of liuppcr with (‘ithcr zinc or 
tin are dealt with elsewhere,' hut there are a 
whole class of maP'iials, sometimes termed 
“Hpeoiar’ hrasHCH or hfon/es, m whudi the 
projM'rties* of the simple all<»ys have been 
iiiodiiiisl 111 vaiioiis ways by the introduction 
of other metals or metalloids. 

(i.) Mtihijnnv.si' Uroirr. - One of the best- 
know'ii of these is so-called “ Manganese 
Hronze.” As a rule this is mm’ely a bims 
(alloy of zinc with c(»pper) in winch varying 
pro|»orti<'nH of man^iaiu'se and of some other 
mi'tals have been mcorporateil. The {lei- 
centa^ie of maiinanese is m'vm' very hi^h, anil 
sometimes this metal is almost, entiiely absent. 
Properly, such material should be de.scribcd 
as " Manv'aui'sn Brass ” Alloys of this type 
are used for tlu^ sake of the very considerably 
jjjreati'r streimth and hardne.ss which the 
presence ot the added elements confei-s upon 
them. OtlwM' “special” alloys derived from 
the ordinary copper alloys are Phosphor 
Bronze ami lawl Brass. 

(ii.) /’/msp/mr liron'e. Phosjihor bronze is 
made and used in a vaiiety of grades, the 
pnipoition of phosphorus present varyinjj from 
zero up to OU per cent. Those alloys ot this 
tv|i(' in which the pliosphoms content of the 
tiuished alloy is small owe their spis i.d value 
to the fact th.d a certain amount of phos|ihorua 
has been employed in their j>n>duction. 'I’lns 
element is generally introduced into the alloy 
while molten in the form of an alloy of tin 
and pho.s|)horus. The metalloid has a \erv 
strong alliuity for oxygen, and reduces any 
oxide of tin which may lie present in the 
metal. In many instances the quantity of 
phosphorus introduced is ean'fiilly adjusted 
so lus to l>(> just sutlicient entiridy to de-oxidise 
the alloy, and in that ca8<> no phosphorus or 
the rnert'st trace can suhsequentlv Ih' found 
by the chemical analysis of the tinished 
material. The bronze thus trivitiHl is none 
tlw! less very much su|H'rior to a similar alloy 
from which the oxide has not lieen I'emoveil, 
and to that extent justities the name “ Phos- 

‘ S» 0 *' ,\Uov Systi'ini, Tyt'lcal.” § CJ). etc 

* Ko]H)rt of tile roiiimlttco on the Nomenclature 
of AII0.V8, Jowni. Inut. Mftala, 1914, vol. xL No. 1. 
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phor Bronze.” This material is often used 
bn* castings in which sjieoial soundness and 
strength are required, although in regard to 
actual strength otiici alloys can be found W'hich 
give liigher values. If ))hosphorus remains in 
the metal when cast, it gives rise to the 
presence m the aihiy of a fiaid structural 
constituent, phoKj)hide of copper. The pre- 
wnce of this eoustiliient leads to a very 
material hardening and stiffening of the metal, 
aeroinpunied hy a marked reduction in 
ductility. A phosphorus content of 0-4 per 
cent rondel s tlii^ .illoy too hard to be rolled 
<tr forged. On the (Ahcr hand, the coiuhiiied 
haidficss due to tlic copper phosjihidc and the 
toiiglincas of the bronze matrix of such a 
material icridcis it suitable - when the jihos- 
phoriis lontent is high enough - to serve as a 
” healing metal,” ».c. as a lining for healings 
of shafts or other moving jiarts, snue it 
has been found that the desirable structure 
for ail alloy m sm h a<.s(‘rviec is that of 
a veiy hard and gencrallv buttle eonstitiieiit 
ernhedded in a softe? and tougher nmtrix. 
Other hearing - metal alloys are mentioned 
below. 

(ill ) Laiil Hums. - Lead is frequently added 
to copper alloys mtention.dl\ , although in small 
quant it ii's it IS gencrallv pi'csent as an im- 
purity deiivisl liom tlu* /me (‘inploved in the 
m.innfacture. Lead docs not aj>pcai tt» enter 
into these allovs as a noimal constituent which 
can ciystallis(' from li(|iiid solution, hut lather 
to remain in the li(|Uid allov in the form (»f a 
(me emulsion W hen the alloy has sohditicd 
the lead is found scjittered through it .is line 
globules, It.s clT('('t on 1h(‘ jihysical and 
chemieal behaviour of the ulloy.s i.s, noni' tlie 
less, very marked. From the physical point 
of view the most pronounced elTeet is that it 
renders the alhns viuy miieh easier to treat 
III raphl-cuttmg m.e hine tools. I’or use in 
automatic machines and where rapid pro- 
duction of a fim>ly finished suif.iee is unpiired, 
brasses <'»)ntaming iif> to It per cent of lead 
pn‘sent very great advantages, although the 
strength and toughness are appreeiahly 
diminished. 'I'lie precise manner in which load 
produces this elTeeti has not, jierhaps, been 
demonstrated, but the action probably eon.sists 
in rendering the metal siithcumtly brittle to 
allow the euttmga produced in the machine 
tool to break off short instead of forming 
long and tough coils, while at the sivine time 
the dragging effect on the cutting tool ia 
; reduced. 

(iv.) Coppfr-ahinunium Alht/s. — Among the 
alloys jHisst'Hsmg the^greate.st .strength attain- 
able in non-ferrous materials, and at the aame 
time possessing * serii's of other valuable 
1 pnop'rties, those of aluminium with copper, 
I containing lietweeu 81) and 1)7 p'r cent of 
I copper, are the most remarkable. Among the 
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outiitanding fwvturtw of this gn>up of alloys 
arc great strength (tenmle testa exciHMling 
50 tons jH'f s<iuai'p inoh can lx< «)l)taiiUHi), 
great resistance 0* c(»rn)sion, and the |M>wer of 
withstanding prolongori ex|MJsiire to relatively 
high temperatures.* This gojup must, ot 
eours**, be reganhsl aa including the mt>io 
comidex alloys contauiing either manganese, 
iron, or ni< kel in addition to aluminium, the 
latter elements, however, Ixung present m 
smaller projiortions than aluminium lUelf 
Perhaps the groiiji ('ontammg from I to 2 per 
c(*nt of iron iirc the most imjxirtant. These 
lend tluuu'M'lveH \erv well to the process known 
as “die easting,” m which the molten alloy 
is pounsl mto a metal mould of accurate shape 
and si/e After soliditication the ciisting w 
Mutlieientl V accurate to he employed for munj 
purpoi's without further tre.itment such as 
maehmmg 'riic strength and hardness of 
these alloys e.m. of course, lx> varusl over a 
wide range liy varying the amount of aluminium 
jiresent. riiiis an alloy consisting of approxi- 
mately 10 per cent of aluminium and tX) i>m 
<ent copper has phvsieal pKipcitiofl closely 
resenihiiMg those of a mild carbon hU'cI. If 
the aluminium content is much lower, on the 
other hand, extremely toiiu'h and <luctile metal 
can be obtained w bn h can undeigo very 
(Irastie treatment either hot or told 'Iwo 
features of these alloys, however, n^qmre 
mention, since tiiey tend to limit thtur UM'ful- 
nc.ss riie first is the dinicult\ which ls 
(‘iicountcictl when the altemjit is made to 
solder (hi'm with ordmarv tinman’s wthh-r. 
It is gciieiaiiy i»o^il)le to “ tm ” a fr'csh cut 
surface of one of these alloys a first time, but 
any siibsecjm'iit effort to re-tm or rc*soldei 
the .same surfacr' meets with fulure. The 
alloy a[)pareritly oxidises slightly under or 
through the layiT of tin. with the resull that 
the lattsw tends to jmm-I 'dT. It is probable 
that the use of special sohlcrs, similar fo those 
employed in soldering aluminium, might over- 
conn* this diflKulty. which, m itself, wouhl 
constitute a sernms dis.nlvant^vge in the use 
of these allo\s btr certain typ<*s of instniment. 
A fksund disad\antage i.s a certain difficulty 
in tuilLsfactorily niachming these alloys. 
Putting tools tend to “chatter” on them 
and to leave the surfaces with a fXKUiliar 
wave form marking. This deh^ct can also fx* 
overcome by the special adaptation of the 
cutting proceases, but it is liable to cause 
rhfficultics arnl to raise prejudice again.st the 
u.s«> of otherwise very valuable materials. 

Apart from the alloys already mentioneii, a 
considerable number “ s|)ecial bronzes ” 
are made and sold under a variety of pro 
pnetary names. These alloys are, as a rule, 
very complex, and their e4)n8titution and 

* Ki«hth Hppnrt to th^* AHoys Research Committee, 

Joum. Inti, Mech. Eng., 1900. 


f structure are little underst^Mal. It is, lurt.her, 

J \4*rx chuibtful whether then" is any .idvantage 
in this eomph'xity. (spial results Iwiiig in many 
easch olUamable ui .simpler and iiion^ satis- 
' faLtory ways. The influence of “added 
eleiiuuils “ on brass and f»ronze alloys, how- 
' ('N<T, has not \et Uam as full\ studied us it 
(h'serx’es. Thus the strxngtlu'nmg elTeet of 
iion on 04 Haul bnai/ (some «tf which are 
well known under the .lame “ Delta Metal”) 

, is nx-ogniMsl, bid tfiis. also, has not fieen 
systr'inatically btudusl, although individual 
' manufa4 tun'ts may p<*s.K4‘ss imporlant informa- 
1 tion with reganl to it. Tlie influenee of the 
! “ian>r” nu'tals on (opp4'r alloxs as, for 
' mstaiua*. tungstiii. mo|\bdenuni, tuntalum, 

! eti- - ap[M‘ar.-. l4» be caitiivly unknown, 
i (\ ) rofifn/ nu kil Alktifs lietter know'll, 

I and of vei\ « onsidenibh' impcirtaiua*, aiv the 
j allo\H of c(tj)p4U with nil ki'l. either alone or in 
i comlmiation with other metals, ]>art uularly 
' /me. Tin* alloxs nsnallv known as “ Piipro- 
niekel ” rang4“ m nu ki*! content from 15 to 
; 2(1 per (X-nt. tin* latter laiiig the eomposition 
4»f the allo^ ext4nsively used for iilh* Imllet 
I mantles. '1 Ins material, winch is almost white 
! ill c4<lour, IS remat kalfle for rts resist an<'4‘ to 
j ordinary almospherie loiiosioii, and it also 
I resists inoistun to a considerable I'Xtent. It 
I IS, fiiitlier, nniaikably duetih* whiui prop<*rly 
I marh* and treatisl. ami is xalrfiibh* paituulaily 
i Ix'cause it (an be subjutisl to a very large 
j amount of jilastn ilcformatioii (I'old work), 
j even without ainioaling, without becoming 
I unclnly haul and brittle Allovs of cofiper 

: and imkel ri< her m im kel have also been 

I used for v.wious sjxa lal purposes whieli justify 
‘ the relativclv high puce due to the high cost 

i of the ni<k(‘l and the high temperature re- 

1 quired for im llmg and casting such materials. 

' An interesting allov of this type, which is 
, finding cxtiaisivc practical apjilication for 
' purposes wh<‘tc a cornhiimtioii of great strength 
with resistance to corrosion is iisjuind, is 
; known OH Monel Metal. '1 his alloy contains 
: 07 per cent of nickel with 29 |>cr cent of copper, 
tog 4 *thcr with about 4 per cent of iron and 
othei impunlies. It is desr nbed as a “natural” 
alloy, iHung ]»rodutcxl direr t from an om 
containing copiM‘r#ftnd nickel in corri-sponding 
prop<»rti 4 mM. 'Phe production of the alloy 
in this way rvokIs the high c<»st of the sepura- 
, turn and puntifatmti of the nickel and the 
I cost 4>[ n'-melting it. The further claim is 
mjwle that the alloy jiroduced in this natural 
I wav is siijxjnor to a material of the same 
i comjsvsilion prfxlueed synthetically. Himijar 
: claims have frtNpiently Ixxn put forwuixl in 
' regard to other alloys, but havr* never bfxjn 
substantiated, and all the knowledge of 
' all4»y8 and their structure and constitution 
which has been gained during the last thirty 
1 years suggests most strongly that such a 
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cJftim w not likely to have any foundation 
ill fatd. 

(vi.) Mrhd -The alloys of copper, 

/dne, and nickel, already referre<l to, c»)n8tituto 
a group of materials very widely employed 
in the [iroductmn of tahle-ware and similar 
articles. 'I'licy jsissess a line white colour, 
very consider.ihle ri'Hwtaru'e to eonosion, very 
great diuitility, which readily allows of forming 
th(*m hy pressing or stamping into almost any 
desired shape, and they form a particularly 
satisfactory basis for electro- plating with 
silver. These matruials were formerly known 
as "(h^^man Silver,” hut recently the soinc' 
what miHl(‘a<lmg name of ” Nickel Silver” has 
Iwen Hubstituti'd. According to the systematic 
nomenclature of tin* Instituk* of Metals^ they 
should he termed ” Nicki*! Brass.” 

§ (2) Ukhistanck Alloys.' In regard to 
ni(;kel and its alloys, ri'ferenee mu.st he made 
to a group of material'* intended to resist 
the effects of prolonged exposure to high 
temperatures frequently in (he form of 
electrically heated re.sist4*rs. 'Phe devi'lop- 
mont of the electrically heated resistance 
furnace for laboratory or small industrial u.ses 
soon created a di'inand f<ir a mateiial which 
could serve as a .suhstituU* for the e\jiensi\e 
and sensitive platinum which was originally 
employed as the winding. The lirst effort in 
this diriH'tion ^onsish'd m the uh<' of pure 
^ickel w ire, hut this had many disadvantagi's. 
In the lirst place, being a pui-e metal, it has 
u high temjierature coefficient of electrical 
lesistanco, and a much higher voltage was j 
required when the furnace was hot than when | 
it was first connected ; this entaileil the | 
pwvision (»f heavy ri'gulating resistances and 
eonstant attrition during the heating-up 
process. Further, nickel itself not only heeamo 
oxidiseil somewhat rapidly, hut also underwent 
a proei'ss of disintegration or embrittlement i 
whieh generally ended by the rupture of the ' 
w inding. Once broken in a single place, such j 
a winding could not ho repairtsl hut had to Ik* 
ontiix'ly n^plaeini. 

At the jireaent time a series of special alloys, 
which liavo mainly lioen developed in America, 
art' available for this purpose ; they still leave 
much to 1)0 desirod, part ice larly in reganl to 
their life when the furnace is nsjuireil to work 
at any tonqieratun* above 1000® C., hut up to 
that temperatui'e they are eminently satis- 
factory. Those are known under various 
pn^prietary names, such os “ Nichrome,” 

” Fhromel,” etc. : an Fmglish variety Is known 
as ” C'hnmie.” These all contain nickel and 
chromium, iron tir manganese or Uith being 
also present in varying projmrtiona. The 

‘ Ue|H»rt of the (’oiumltt«H* on the Nomemlfttiire 
of Alloys. Jmm, Inst, Metals, 1914, Vol. xl. No. 1. 

* 8ee “ Reslatance, Standards and Measureroent 
of,” S (■*). Vol. n. ; also “Thermocouples," § (2), 
Vol. I. 


typical composition of “ Nichrorao ” is as 
follows : 

Nickel . . . .58 to 112 j)er cent. 

Chromium ... 8 U) 14 

Iron .... 28 to 24 

M.ingaiuw . ■ . Of) to 2 „ 

Those heat-resisting alloys are also emjiloyed 
for a variety of purposes other than funiace 
windings. Thus Niehrome in the form of 
castings is now’ widely used for the construc- 
tion id various types of plant, or parte of 
plant, wliieh are exposed to prolonged heating. 

! In this thicker cast form the material can w ith- 
j stand exposure to high ternperature.s fora very 
long lime, and in many i;a.sos justifies its high 
cost as eoiiqiared with iron. Case-hardening 
Isixos and pyrometer sheaths are examples of 
such usiw. Further, m the form of wires of 
various thiekne.ss, these nickel and nickel - 
chromium alloys an* {ii'qiii'nily made use of 
as hase-metal thermocoup'es. and with care 
tlmir can now Im* extended uj) to tempera- 
tures as high as H(K)® C. 

FlTorte liave recently been made to inqirnve 
alloys of this ty])o hy the intioductioii of an 
element which should provide tliem with a 
, tough, imjK'rrneahle skin of oxide. It is such 
I a skin of oxide winch gives to the coppt'r- 
aluminiiim alloys (rich in ciqipcr) their power 
j of withstanding very prolongi'd heating without 
j hemg ” huint.” hut m that group of alloys 
the utility Is limited owing to the fact that 
they ivaeli their meltmg-])oint near ItHHC C. 
The introduction of aluminium into nickel or 
its alloys with cliromium has been atlemjited, 
hut unfortunately it lias a very marked 
embrittling effect, owing to the fcrniatiou of 
very hanl and infiisiblo but brittle inter- 
metallic oonijiuimds. The presence of even a 
small amount of aluminium aeconlingly makes 
the alloys very hard and renders rolling or 
foigmg difficult if not impossible. Some little 
success has, however, been attained in the 
ease of material which is either to he usihI in 
the form of ea.stuigs or is only to undergo a 
small amount of subsequent working. Neither 
wire nor ribbon has yet lK*en made of these 
i alloys. 

I §(3) Cutting Tools.— The combination of 
nickel with one of the rarer metals — zirconium 
- -has also led to the evolution of another 
I American alhiy, known as ” Cooperite,” which 
1 is intended for use as a cuttmg tool in lathes 
and other machines. Little is known of this 
material in this country, although a somewhat 
similar material, known as ” Stellite^i has 
been extensively tried here for various purposes. 
This, like ” Cooperite,” is an extremely hard, 
non-ductile, and non-forgeable alloy which is 
cast into the approximate shape of the desired 
U)ol or object and is then finisisted by grinding. 
Stellite, which is an alloy containing (in one 
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of it« varieties) alwmt 35 per cent of chrcnnium, 
65 per cent of cobalt, and 10 per (‘cnt of 
tungsten, is extremely harti hut cntiix^ly non. 
ductile, and cannot lie a])|)nH’ial)ly softeiU'cl b}* 
any known nu'ans. When used as a cutting 
to<>l, it cun be allo\ve<i to work considerably 
faster than the Is-st of the high a|)eo<l ” 
HttM'Is, since the higher temperature does not 
soften “ Sb'llitc.” On the other hand, the 
alloy IS distim tly weaker tfian stt'cl and can 
only be UHi'd where the eutting ojs*ration is 
snifMith and regular. For a “ roughing cut,” 
whore the tool i.s exposeil to .shook at ea<'h 
rt*vo!uti<»n if the stock hapfams to bo some- 
what excentric in shape, “ Stellite ” tools an' 
too brittle nrnl liable U) break nwav. From 
the jihysical point ('f view, Stellite is interesting 
as In'ing one of (he hardest of kno\ni metallic 
Hiihstances, while it is at tlu‘ same time i 
eritirclv tion-magiutic. It cun sometimes he 
ii.sf'd with very .satisfactory results for pivots 
or kriife-(s|g«>s, jiaflieularly where magnetic 
inati rials are madniissihle Such aitnies must, 
of eoni'so, be ea.st as nearly as possible (o (he 
nsjuire<I sha(M* and finished by gnn<ling, 

§ (4) TrNosTKN, Moi-^bokni'm. and Tvn- 
TALPM — .Mdiongh not stiietly ♦“ alloys,” some 
mention sliould !«■ made here of the remark- 
able projieities of tungsten, moiylMlenum. an<l 
tunt.diini. 'rungsten in jiartieular is of s|)<s-inl 
interest fpun tlu' point <4 view of the pliysaal 
lalxiratory, on account of its sjM'ci.il phvsieal 
pro{M‘rties It^ extremely high melting-point 
and great pennanenee at high temperatures 
are alieady bill\ iitilisc<l m the modem eleetrie- 
lamp luilhs and in the thermionic val\e. .vs 
Well as in the use <4 the tungsten “target 
in the Coolidge .and other X-ray tul>es. Even 
at rirdirmry buiifieraturcs, however, the 
material is remarkable. It jHiHsessi'S very 
high tensile .strength and an exceptionally 
high niodulns of elnstieity (Young's uhkIuIus) 
eomhineil with a vi*rv high density. With 
these it eomiunes extreme indifferonee to the 
effect of chemioal ageneies ; exposim* to moist 
air has no gn,*abT effect upon it than on 
jilatinum, while it is also capable <4 resisting i 
the majority of acids. One of the uses which 
has Ix'en .snggestcil, and is now lioing trusl, 
is fuj standanl weights. It has lieen found 
that it now possible to obtain the metal in 
masses of ailetjuate size for smaller weights 
(up to one kilogramme at least) in perfectly 
sound form, quite free from flaws or cavities 
even when examined with the micn>8cope in 
section. The pro|)ertie8 of raolybiienum ami ^ 
tantallim are less well known, hut are in 
many respects similar ts those of tungsten. ; 
Molybdenum is, however, a much more ductile 
material and therefore more tractable for i 
many purposes. Tantalum, on the other hand, , 
although workable, is capable of acquiring j 
great hardness and can be made to take and j 


keep a gm>d edge. On account of its inooixidi- 
bihty, its U8*« has been suggesdal for surgical 
and dental instruments. Init it would stsuii 
j that imslern chrominm steels (" stainless ”) 
will meet (he same reijumunents in an cosier 
and mneh less e\pensi\e way. 

§ (5) Till K \iu; Kautiis. - Another group 
of e«)mparat^'elv ran* metals are als«t finding 
a senes i4 ajqih. afion. . pnm ipally m their 
.illoys. Tht-m* are the rare earths,” mainly 
(’erium. in (lie i un. of an alloy known os 
“ Mist-h Met all ” tlmw metals arc n'dneed 
fnim (heir on* the well-kuowm Monazitc' 
sam! <4 Brazil. To form the p\n»j>horie metal 
us<‘d for the pnxluetion <4 sparks in iigar- 
lighters ami similar appliances, this “ Miseh 
Metall *' IS alloytsl with a siiitalile jiniportion 
of iron, 'riu* commoner metals of the alkaline 
earths are also finding ajtplieal ions. 'I'his is 
paitidilarly s(» in tlu* ease (4 ealeinni and 
Ixirinin. Some (4 the allo\s (4 llu'si* inetids 
with .duminiiim an* pni\ing useful for s]H‘(ial 
pur|M>ses Their alloys with lead, however, 
ap)M*ar to Ik* nuue important. The Iea<l- 
iianitm allox, partunlarly, is at the preKf*nt 
time Iwing 4*\ploited as a lx*anng-m(ta! in 
America. Like (hi* alkali nietal.s (sodium, etc.), 
the alk.iUne earths have (he jstwer of inenuising 
the hanlness of lead to a very marked extent, 
(he hanIne.sH inrreasiiig bu some eonsiderahle 
lime after the metal has ?>^en east. 'I’he 
structure of the resulting material hIiowh 
relatividv hard and hnttle crystals einliedded 
in a soft le.*d m.itrix, thus jiroviding tho 
essential < haraetenstii s <4 a good liearmg 
mateii.d. The purpose ><{ intiodneing sueh new 
alloys foi healing purjinses, however, appears 

bt' mainlv an economic one, xvith the ofiji'ct 
of avoiding the use (4 (he e\jK*nsive metal, tm, 
which forms the basis <4 the great majority 
of the hearing alloys hitherto employed. 
These have generally eonsisted of tin contain- 
ing from lo Kt jH‘r cent of antimony together 
with from .( to 6 js'r cent of mpjK'r. 

§ (0) SiH.iiKiUj. Tm itwlf forms the basis of 
a seriea of impoitant alloys. Its most wade- 
Hprf'Oil uw‘ IS jirobably in ordinary tinman’s 
solder, which is an alloy (4 tin and learl. The 
softest, most fusible s'llder is the lutoetu: 
alloy of leail and tin, containing approximat<*ly 
0,3 |K»r cent (4 tm. This is, however, neerllessly 
exjK*nHive for most purposes, and the usual 
“ best ” aohler is a mixture of lead and tin in 
equal proportions, while ehoa|s>r .and less 
fusible .soldtrs often contain as much as 70 jjor 
cent of leoil. Recently it has Wn suggested 
that such solders might with advantage ^ 
hanlenrai by the intnxluction of a small fier- 
centage of antimony, and tests se<*m to imlicate 
that an aridition of 1 per c<mt of antimony at 
all events d(x« ncit injure the solder. Tin also 
enters largely into the eompKisition of solder* 
designed for use with aluminium and its^alloyi. 
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Thi» ia a fie ld UjUja which a vi*ry large arueiint ■ 
(if energy and mventiveficaa htia heen wfiated, 
Hinco an unjircHUKiti a{ip»‘ur« to exist that no j 
succcMHful Holder for aluimnimn is yet known, j 
and that jf one wt-rc diHcovered it wrudd ])rovo j 
of imiiH'rise vahie. Actually, there does not i 
ajijicar to he any very great demand for an | 
aiuminmm Holder, although foi certain repair , 
jmrpoHCH, paiticularly undi'r war conditions, a j 
reaHonaiily HatiHfactory sohh'r waa doHired — j 
and ohlairu'd. Two mam diHiciiltieH exist j 
with regard to the Holdm'ing of aluminium. I 
'riu' first icHidcH in th(‘ fact that all the more ] 
fuHihle alloys of aluminium appear to Iw much 
more readdy attacked hy all manner of 
climnical agmicics tlian is pure alumuuuru or 
itH mor<' reMiHtant (and 1 (>mk fusihle)' allots. 
('onH(M|uently. all Holdi nsl joints m aluminium 
are liahle to fail in tlu' courHo of time tliiough 
eorroHioii. I'ortimatcly the hehavioiir of any 
givi'ii solder in this i(*Hpec(. can he readily 
testisl hy MUMp('nduig the joint in the sti'aiii- 
sjiace aiiove hoihiig distilhsl wati'i’. Steam 
condensi's on the metal, and the hot water 
lapidly .itlatks the solder if it is at all hahle 
to diHiiitegration. Many joints fail ui a few 
lumiiti'H uridi'r this t.est, Imt sorm ot the later 
solder's can resist it for moii' than ItKt houis. 
Such a solder is not Idody to fail rapidly m use 
unless It is directly exposed to corrosive Inpiids, j 
such as H('a waL'r, I'tc ’The second ditUcult v j 
is riioi’e serious, since i|. sis'ius to he almost I 
imjiossihlrs to t('ll when a sohh'ied joint m 
aiuminmm. even with the best of the solder's, 
is really sound. A n'ally sound joint givi's 
Very good results umhu' a tensile t<'st, hut a 
eonsuhuahh' proportion, ('vmi when every ean> 

IS taken hy skilh'd workmen, is always unsound 
and weak, ('urioiislv miougli, m spite of the 
fact that a great numlH*r of inventors have 
uttfvki'd this prohlern, all those who havo 
appi'oached siu'cess ha\«' arrived at much the , 
siHiie ivisult., VIZ. an alloy of zme and till to 
which a htth‘ aluminium may or may not Iw 
added, d'he jii'oportioiis of tin and /.ine vary 
widely - from 40 jior cent to tKi [M'r cent of zinc, 
but this does not make any very vital dilTei'enee 
to tlio rt'Hulting joints 

§ (7) Fvsihi.k Ali.oys ; Type Metal. — 
Tin also enters, in varvinft propm-tion.s, into 
another seriOvS of alloy.s. These are the type 
metals and fusihle alloys. The former vary 
very widely in composition aeeonling to the 
purjiose for which they are int<'nded. The 
alloys us('d in the easting of “ sttfix'o ” plates 
for rotary presses such as an^ usckI for rapid 
new'sjiaper printing contain a large proportion 
of lead, the remainder Inung tin and antimony. 
Here (‘ase of melting and easting, and sufficient 
fusibility to allow' the rnetal to lie cast in 
papier-maeh6 moulds are essential, while 
hanlness and the power of resisting wear, and 
oven freility for taking a fine finish and repro- 


ducing the finoi details of the mould, are less 
imp<irtaiit. For high-clasH ty|Ki employed for 
the lini'st printing, the power of repri^ucing 
every minute feature of the mould or “ matrix ” 
Is most imjiortant, and oh the same tyjie is uwmI 
rejxiatedly in difierent settings, power to resist 
wear Is also (‘fweiitial. Higher proportions of 
tin and antimony an' accordingly used, the 
lead eontruit being reduced correspondingly. 

The fusible alloys generally contain tin, lead, 
bismuth, and cadmium. They are, approxi- 
mately at all events, of the nature of eutectic ^ 
alloys. T'he siinjilc hinary cuk'i'tie of the load- 
tin system melts at (',, and in the U'rnary 
system liMul-tiri- bismuth there is a euU‘('tic 
whieli nuilts at DO ’ ('. The constitution of the 
(piak^rnarv system leafl-tm-hi.smuth-eadmium 
has not yet Imhui fully investigated, hut several 
alloys melting at low t»'iiiperatureH hav«* Ixien 
found. Among the.w are the following : 


t'aclmiiirn 

10 jM'rK'iil. 

bead . 

. 2i» (> 

’I’m 

. l.'Jil 

hlHIlUltll 

. oU 1 


Kroc/.iiig lit 70" (', 

Cadnuimi 

1.7 1 j)cr cent. 

Ia'jkI 

. .do H 

'I'm . . 

1.7 4 

Ifisimitli 

.dH 4 


Frec/.('.s at 7 1 

t adimuin 

. . . L’ .7 j)i'r ( ent. 

Lend . 

. ”.7 0 

dm 

. 1-’ .7 

IfiHllUll ll 

. .70 0 


l''roc/i'( at I‘k7" 


Some of these alloys possi'ss sonu'vvliat remark- 
able projx'rties, undergoing obvious trans- 
formations after solidification. T'liese make 
themselves felt hv a rise of tem[M'rature if the 
alloy is lu'Id m the hand while cooling ; there 
IS also a marki'd change of ajipeaiam'c of the 
surface of the metal, and an expamion occurs 
which generally hri'aks any glass v(‘ssel in 
which the alloys may have been ahowisl to 
solidify. The field of these fusible metals has 
not, liow’ever. lioi'n at all fully oxiilored, and 
it ia more than possible not only that alloys 
of stUl lower melting-points may he obtainable, 
hut also materials fn'o from undesirable volume 
changes, and having thermal exjiansions which 
render them more readily usi'ful for many 
purposes where joints in apparatus or other 
practical applications are required. 

§ (8) .‘Vmauiam.s.— Falling into a class some- 
what similar to that,- of the fusihle alloys are 
the .amalgams. In these, instead of employing 
mixtures of metals of low melting-points such 
as tin and bismuth, one of the constituent 

1 ‘".A Hoys, CoTistltutloii of the EqnlUbrinm Dia- 

gram” ; also ” Alloy Systems, Typical,” § (9). 
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metalii—niercur}' — lias bo low a raoltin|r-j>oint 
that even ui the pun.' stati* it w lupiiU at tlu* 
oniiriary temixMatun'. In thdio cin'uniatancN'd 
it mi^ht anticipaUii that the rohulting alh>\8 
ur uinalguiuB wvaild Ihi entirely lupini at the 
oniinary teui])erature uuh'ftH they eontJumHl 
only small propoitions (»f moreurv. Aelualh, 
however, the fii-eAin^-point of puixt mercury is 
not very gn-atly depressed by additions of 
other nii'tals, the euto< tie eompo‘'itions lyun: 
very near the men iiry <muU of newt of the 
bmary alloy systeiiih. On the other hand, 
most of tlio meriuiy alloy sxsiems <‘ontuin 
uell-deiinixl int(*r-metallie eomj»ounds whose 
fritezin^- points an' in se\<‘ral casi's lelatively 
high. Thus wliile the frinzing-pouits (d 
men ury, sodium, and polasmum are - 3H-S 
1)7 t) ami ■) r. res|HHli\e!y, tin* <tvm- 
j)i)iinds Nallg,, and Kllg^ solidify at lUtrc. 
and 27U ( lesjHH ti\» Iv. Ciituiii ua<*s of 
amalgams. howc\er, depend u])on a piop<'rt) 
whieh at lirst sight Uppeuis ver\ rom.iikahle, 
although it is readih umhistuod m the light 
(»f imslein kiiowledue of the < oii^tiiutioii and 
transformal ions of alloss This isihe piojKMly 
of heing lapahle of assuming a soft, plustie 
state followed hy .‘xftmg mto a \« i\ hanl and 
strong londition While m (he s«>ft, .semi- 
liipiid state the allov is oh\iouslv in a nuta- 
slahle (omhtion ; m (he course of lime, h\ the 
tofinatioM of an int<'i ■metailie Muiipound and 
the ahsorfttion of any lupiid mOal whuh ma\ 
he jin sent wln'e (In allo\ is soji, lim mats'iial 
a.s.sume8 its ftalile and hard form The Iniiis- 
formution.s m the .imaiL^aiiH an*, houe\er. 
unai I ottijiaiiied h\ an\ s< iious \oIume < liaugi s, 
and this leiulei's (hem axailahle foi .siieh 
piirjioM's as dental stopjangs and similar 
{lurjio.st s 

The gieat majority of aniHlgams are readily 
formed hy the dne< t aetiou of mereurs ujion 
the linel\ -di\ ided metal with whl<h it is to 
Ih* all<i\ed ; fie<pienil\ the most eoiwenieilt 
method is to jirejinre the metal hv a process 
of chemic al jirec ijiitation, Ter Ihis |iur|ioHe 
raetaihe mereurv rnav m some easr's lx* used, 
while in others scaliiim amalgam i.s first jire- 
pared and tlien enijiloyed as a reducing agent. 
Another convenient metlKsl is to em]»loy the 
mereurv as a eatliode in an elect rolxi/ie cell 
and to dejioHit the other metal on this eatliode 
by means of a suitable current. With many 
metals, notably with the precious metals and 
with 7.1110, tin, etc., amalgamation oeeurs with 
very gieat ease. In the cam* of alummium, 
much greater rlifficulty is exfierieneed, and 
amalgamation by direct action of mercury on 
the metal m massiv*' for)^ onl> occurs if the 
aluminium is s<'verelv scratched w hile covered 
with mercury'. No doubt this behaviour is 
due to the fact that aluminium w coated with 
a thin film of oxide, even w hen freshly scratched 
during exposure to air. If, however, mercury ‘ 


has l>€s.n Icroiight irits* actual metailie cimtact 
with aluminium, a remarkable pheuomenon 
folh»ws on sub,se4juent exposun' to air. The 
preeeiu’e of ilie mereurv ajijx'aiN to fires cut (ho 
formation «»f the normal proteelixi* coating, 
with the ecMiscvpic n* e that the .imaIgamat<cHl 
alummium «>\i ln'- with ama/.mg rajudity- 
rile forruati' ii <*f alumina can lie watched, as 
a layer liiilliniei m's (hick is formed m 

I few' mmut.-H, 'iif 1 ipid oxidation la'ing 
aeeomfKiiued l»y a notable i I' m* of U'liijM'ial iin‘. 
'flit' alumina h foimiHl m (he shajH' of hi tie 
tlireiuls or (ilne.s wliieli ajtjM'iir (o v'row cuit- 
warfl from th<- amalgaiimtcsl siiiftme and may 
atlain u length of a eenl.iimtre oi more lieforo 
the ac tion cea's'S It h a cuiious and hitherto 
une\|ilam«'(l f.ut, howexer, that this action 
occurs mo.st freely m the purest, kmd of 
alummium, the jux'sence of otlier metals or 
exen of silicon to the exbiit of mote than 
1 jHT tent iH-mg enough to iiihilut it eiilin lv. 
The jilienoiiieiion cm l>e shown in a si ill iiicae 
striking form bv e\|>osmg a siiifuce ctf june 
.liuminnim to contact with a solution of a 
mc'ic iirv salt, suc h as mccrc iiicuis nitnitc ctr 
mccrcuiic ( lilonde, for a shoil (mu' If the 
suifaca', aftsT a brief exposure, is imseci ami 
lightly wijHMl dtv, the foiinatioii of aliimma 
occurs xery vigoroiislv. xv. ii. 
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Production of. SfM3 “ Furnaces, Kleetric,” 
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ALUMINTTT.M AND ITS PRKPAKATIDN 

Af.uMiNirM, the light white metal of which 
the use i.s daily Uxoniing nioix' prevalent, 
though of recently daPsl history as a metal, 
has long l»een knowm through the medium of 
its Wilts, and IS, in fax t, the third most abundant 
clement in the earth's crust. 4 , 
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Hought fur iti the early yeara of 
tlie riinotooiitli ( ('ntury hy Davy, it was first 
isolated ‘m 1827 hy Wohler, who reduced 
alumiuMim chloride hy potassium. 

Wohlcir ouly prepared small quantities, 
however, anti thew* in a not very pure form, 
and suhscipieut jno^ress was dejs’iident on 
tlie t'cnnirt of .Sainted 'laire Deville, who, by 
suhstitntim; I lie cheaper metiil, sodium, for 
potasNiiim, and the mort' suitable sr)dium* 
alurniruum ehloritle for aluminium chhiride, 
made the process t tuiunercially possible. 

Ily the modifications and im|)roveinents on 
Devilhi’s pruticsH elTcctetl by Castner and 
Webster, the purely chemical process w-as 
carrietl to a Itmli level of ellieit'ncy, but it 
could not comjs'te against the electrical 
method, once tin* (level(»pmont of the dynamo 
nuule this ri'latively so cheap. 

.Mthouj'h Devilie had, m IH.''*!, reduced 
aluminium chloride in the eleetrie are, and 
thou}j;h theie were several patents on the 
subji'ct in the succeeding years, it was not 
until IHHt) 89, W'lion thi' Cowles [iroeess was 
launched, that eli'ctrieitv was made use <if 
industrially for the proiluetion of aluminium 

This process consisted m the nsliietion of 
alumina by carbon at the hi^h temperatures 
avinlahle in the eleetrie are, hut ns alumimum 
liberated in such (’ireumstaiiees readily eom- 
bines with oarVoii to form aluminium carbide, 
the Cowles llrotheis confined themselves to 
the production of alloys, the alumimum 
ahsoi'lied hy iron or eopfK'r as it w'as 
liheiated, thus lueventiiui further reaction. 

However, as pure aluminium was not avail- 
able hy the Cowh'S process, that devised 
independently by Hall and Heroult (IHHtb 
1889), once established, .soon sujM'rseded it. 

The Cowles {M‘oeess was entirely elect ro- 
thermal ; the Hali-lleroult process is both 
eloetrolytii' and electrothermal. 

Kssent tally the proees.s »*onsista in the 
eKH’trolysis of aiumm.i dissolvtsl in molten 
cryolite, the oxypMi liberated eoinbininji with 
the carbon of the anode, and the heat generated 
by the ])jWRHjfe of the current sutlicin)? to keep 
the electrolyte molten. 

It is this Hall-1 leroiilt process which, with 
modifications only in debr.l. has increased the 
world’s yearly ])nKluetion of aluminium fn>m 
7090 tons in 1900 to almost 2(K),000 tons in 
1919. 

Although compounds of aluminium — clays, 
rocks, oto.— an,' so abundant in nature, yet tbe 
only raw materials used eonimereially for the 
pn^duetion of the metal are bauxite, an im- 
purei hydrated o,\ide, luid cryolite, a double 
BodiuTU - aluminium fluoride, a** up to the 
present it has m>t pmved feasible to extract 
the oxide of aluminium cheaply enough from 
any available compound other than bauxite. 

Ciynlite, 'ONaF, AljtV is found plentifully 


in Greenland and in the Ural, or a compound 
indistinguishable from the purified native pro* 
duct may be prf*pared aitifieially. 

Bauxite, AHDH)^, containing as impurities 
lion oxide, titanium oxide, and silica, occurs 
extensively in France and many other parts 
of the world. 

Alumina, (Al^().,l> is the purified product 
derived fiom this. 

The general method of purifying is that 
known us Haeyer’s protest, m which the 
bauxib* IS first crushed and calcined, an<l then 
digested und(“r jiressure with hot caustic soda 
solution. This result® in the solution of the 
alumina as sodium alurmnaU, the impurities 
beinir left m sus{)enHion. 

From these nu()urities the sodium aluminato 
is (iltensl hy means of filter presses and 
transferred to preeit»itation tanks, where some 
ri'centlv preeijutated alumina is stirred in. 
'I’hiH ha.s the mtc-restiiig result of piv' ipitatuig 
70 p(‘i ei'ut of the tol.d ir’umm.i pre.seiit, with 
the regeneration of an eiimvah'iit amount of 
caustic soda. 

The hydrated alumina is now filtered ofT, 
washed, and heated to over KKMk (’. to dnve 
off all eomhintsl watei. At tins temperature 
it undorgooH a mohnular ehaime, and becomes 
more dense and less liable t<t ahsoih moisture. 

Fr<un tlu'se ]>roeesses tlie alumina comes to 
(he reiiiK’tmn f.utorv m the form of a fine 
W'hite ])owder. haMiig ,i speeilie gravity of 
about ;Mi to ’.VI, though its hulk density is 
uiuler -8. 

(T^ohlo melts at lOtKT ('. to a clear colour- 
less liquid and roailily dissolves alumina, the 
addition of which in sm.dl ((uantity lowers 
the mcUing-pomt to about 91,0'' (k 'Vhe melt- 
ing-point IS also lowensl hy the addition of 
other salts such as caleuiin fluoride, or by 
the addition of aluminium fluoride, itself 
one of the constituents of cryolite. However, 
the addition of (»thci s.dts to Iho fused 
ei^\olite has P> he conducted with care, 
iH'eausc, though a low melting ])omt is 
(lesirable, the volatility <d the various 
ingrcdient.s ami the density of the molten 
mixture have to l»c considered. 

Fleet ml} SIS i.s effeetcil in a rectangular 
furnace or tank of iron or steel plates, lined 
first with a layer of heat -insulating material, 
and then with a thick layer of carbon. This 
bath contains the molten electrolyte, the 
bottom of the bath and the molten aluminium 
which collects there forming the cathode, 
while a numlier of carbon rods or blocks 
suspended in the electrolyte form the anodes. 

From the bottom of the bath electrical 
connection is made to the conductors ninning 
outside the furnace, by one of a number of 
devices, the objects oi w Inch are to secure as 
far as possible good electrical conductivity 
without t<H> groat heat loss. 
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Many diffcntnt types and sizes o{ anodes 
«M(1 an<xle cHuuiectioiis in Tiio anodes 
may be nmnd or square in section, and may 
vary from 3 incites to 25 inches in diameter 
ani from 10 inches to 30 inch«.« ut length. 
The anutle coimections may lie of iron or 
c<qqx‘r, and may ix' j>rt‘SHe<i int<» tlie amxle 
before bakuig, or .‘a reweil in sui>.i<‘quently. 

The side.s or \»alls of the fiimarc may lx* 
built of bricks of curlioii, or bi' made of 
carlsm mixture ramnieil or pn*«i«'d into 
jKiaition. 

In practice, the constniction ttf a funtace is 
an operation n'quinng great skill and cun\ 
the suhstajiient life and efticiency of the 
furnace dcjHUuling almost wholly u|ioii this. 
The (‘.ss('ntuil pointvS are that th»‘ carlhm 
silica shall not disintegrate (ir fall au.iv ; that 
both Hidi'H and Isiltom shall Ix’ as im|*ci\ioiH 
os jioasihlc to metal or iimlfcn electrolyte; 
that the heat lo.sses through the sides and 
bottom of the • 
furnace sh.dl not 
lx‘ too gix-at ; and 
that the nurent 
path IS one of 
low I'CrtisUncc. 

3 ho si/o of tlie fur- 
nace or hath (Icjs'nda 
on the cunent for 
w’hii'h it has b‘x*n 
dc.sigmsl, the smallest 
iy{X‘ m curroni- com- 
nuMcial use taking 
am petes, hut 
though the many 

types of fuinaces vaty greatly in detail, j'ct 
they are all the SiWiic in [inncijile. 

h ig. 1 repiojioiits a longitudinal .s<'<*(ion of 
a typical furn.icc litled with an iron plate 
cathode eonnis'tnai. The bath of such a 
furnace may mcjumro about 5 fivt in length 
and 2] feet m bi-cadtli, the extiTnal dimensions 
varying with the thickness of lining. A 
number of such furnaces art' always eonne<‘t<Hl 
in series, the cathode of one lx*ing conneeUxJ i 
to the anode of the next in suece.s.sion, an<l for j 
convenience of manipulation they an? generally j 
arrang<«l in long row's writh sufficient w'orking ' 
spaces in lietween. 

At tlu British Aluminium Company's large 
hydro electric works in Sirotland the power » 
obtaineil from a large reservoir constructed 
in the surrounding hills at a height of KKX) feet 
above sea-level. The power for the plant of 
the Aluminium 'Corporation, Ltd., Wales, is 
also deriveii from lako.s in the surrounding 
hills with a hewl of KXK) jfset. 

In both these case* the water is oarried 
in steel pressure pipes to the turbines, which 
are of the Pelton Wheel type, with two water 
jeta 

One eet, oonaisting of a turbine and two 



shunt-wi>und generators arrangtxl to o{>orate 
m parallel, is .illocated to a aerie* of funiaces, 
the actual current taken and the pressure 
at which it H supplhxl dejx*nding, at any 
moment, on the luimlx'r of furnai'os in eiivuit, 
their re''istauces, and hack K.M.K, 

As eacli furnae-* re<|mres a certain kilowatt- 
input to mariiain its woikmg teiiqierature, 
and as hotii (he tlieoriu. al metal yield and 
the voltage ilrup due (ho resistances of 
eahh"s, conneclioiis, ar.J electrodes are pro- 
poiiii'iiii! to the furroiit, it is an mtenist- 
iiig problem, whn h good jiractiee is always 
en<lcrt\ourmg (o .nolve foi each tvfH' of funuiee, 
to determine the distnhution of jiower which 
wi'l give the highest ellicienev. The problem 
iH complicated by (he fact lliat the current 
efliciem^N falls o(T as the distance Ix'tween 
the elrrlKKle.s IS uiiduly dimiriishi il. 

'I'lie anode support is geiiciallv so arranged 
that all may he ruiw'd or lowen'd simultane- 
ously, or that each 
may he adjusted 
M'jxiratcly. By regu- 
lating each individual 
anode or the (listanco 
Ik* 1 ween the electrodes 
in tins way the 
operator is able to 
control tlie our- 
nuu distribution 
and the kilowatt- 
input into his 
furnace, by this 
latter determining 
its tenqieratiire. 

Cryolite alone is a jx>or conductor, but 
when alumina is iwlded the conductivity 
IxH'omes, when rncasurfxl by fused salt 
htanilards, very goixL The actual c^mduct- 
ivity value vanes with tmnix*rature and 
coni iKisit ion, hut is usually m the neighhour- 
hiMxl of 5 I'lhos jx'r inch ciilxxi. In fact, the 
solution of ..liimina in cryolite is analogous 
to that of a salt m wab r, the alumina Ixung 
loniwil m a similar way. 

On elpitrolvsiH, aluminium ie liberat-wi at 
the cathiKle, while the oxygen ions arriving 
at the hot carbon anoiles do not apjx'tir m 
oxygen, but on liwiing their charge eomhine 
with the carbon forming chrism dioxide and 
oarlmn monoxide. Thus tin* net result of 
the reaction is a reduction of alumina by 
carbon. 

The dt>co 9 iposition voltage of alumina is 
generally staled from thermochomieal con- 
siderations to bo 2 8, but as the root lion takes 
place at an clevate<l temjx'rature, and the 
action of the carlxui at the anode has to l>e 
taken int^i account, this is evidently too high. 
The still higher voltage used in practice (6 to 
7J volts per furnace) is ncix’iwary, of course, 
to overcome the resistance of connections, 
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electrodes, and the bath itwdf, the requisite 
tern|>eraturo Ixnnj? maintained by the heat 
furnished in this jiroeess. 

Ah the anod<‘H are eon.sumi'd in the process, 
and the ash e()ntained in them is dof>o.sited 
in tlie !»ath, H|>|)oann )4 as impurity in the 
metal, It IS important that their ash contont 
Im) low, and that the ratio t)f carbon eonsumed 
to aluminium produced Ims kept low. Anodes 
ari^ generally made of the punir varieties of 
coke, the cost of pure graph'to being cpiito 
prohibitive. 

'rhe coke is ealeined to get rid of volatile 
niMtti'r, and then crushed. The powdiT is 
mixed into a jiaste with hot tar and jiiteh, 
and this paste is moulded in hydranlio [irivsses 
to the required shape, d'he mouhhsl anodi's 
are then rmnoved to furnaees where thev 
are baked for some days at a temperature 
which exceeds l(M)(l‘ ('. at its maximum. 
After fitting with connections, the anodes 
are ready for use in the aluminium reduction 
furnaees. 

The finished anodes should be hard and 
resilK'nl, of low porosity, and not too readily 
oxidi.sable in air. 'I’lieir ash content should 
not exceed If per cent, priderably Demg under 
1 pm’ cent, and their elei'ti’ical n’sistivity 
should not greatly exceed ohm per incli 
cuImmI. 

Theoretically, the atomie xveight of alu- 
^ minium being 27, and it being tnvalent, 
the passage of 1 faiaday (IMi.ritO coulombs) 
should liberate 0 grams of aluminium ; or 
expressed in units which are more useil m 
practice, the passage of HtHMf amperes for one 
week should liberate fHH lbs, of aluiniiuum. 
In practice, however, the theoretical yield 
is never attained. 

in its simplest birm, the reaction is 

AijOa 2AU:iO, 

102 54 4 18, 

showing that the weight of alumina required 
is almost twice that of the aluminium pro- 
duced. d’hero must, therefore, lie regular 
additituis of alumina to the eleotixilyte to 
make up for that eleetrolysed. In practiee, 
the change in I’esistauee of the electrolyte 
accompanying the depletion of the alumina 
in the working zone is u.sed to indicate the 
nooeaaity for adding more alumina, voltmeters 
or lamps plaewi in shimt across the furnace 
terminals indicating by their increased read- 
ing or increased brilliancy when this is 
required. 

'' In theory, there need be no oonsumption of 
cryolite, all the aluminium pnxiuced being 
obtained from the alumina, but in practiee 
cryolite decomposes and volatilises to a slight 
extent, particularly at too high temperatures, 
and additiions of fresh cryolite or aiuminium 


fluoride have to be made from time to time 
to make up the deficiency. 

The tcrnjierature control is almost auto- 
matic. With a well - de.signcd furnace the 
rate of rise of metal on the bottom of the fur- 
, naoe is practically the same as that of the 
wastage of the carbon anodes. Thus the dis- 
i tanco between the electrodes remains almost 
uniform from one tapping period to the next, 
and the neiTs-sary ailjustments of the anodes 
are reduced to a minimum. 

The whole jiroeess is one w^hich goes quietly 
on from d.iy to day, with no change other than 
I that ncce.HHitaU5d by the periodic additifins of 
j alumina, the ebanging of anodes as they are 
i consumed, the tapping or ladling out of metal, 
j the cutting out of ciicuit of old furnaces, and 
; the putting in of new. 'Fo superficial obser- 
, vation the whole seems very simple, but the 
I closer the study of the siibjcid the more 
; a[>parcnt are the fiiu' m.irgms on whuh suc- 
1 ccHsfiil woikmg (h'pciuls., For example, it is 
i a necessity of the jiroccss that molten alu- 
I minium sludl remain on the bottom of the 
furnace. ^'ct the specific gravity of the 
electrolyte at working U-mpcralurts may vary 
' foim 2dl to 2 2H, according to composition, 
' while that of molten aluminium is about 2-30 
I at the same tmnpcratuie, 'J’hc narrow margin 
j is obvioiKs. 

j A funincc IS gcncr.illy tapped to ri'inovo 
the molten metal, or the metal is ladled out, 
once every two, thnr, oi four days, according 
; lo convcmenco. 

i To HiM’iiro a uniform })roduet, and also to 
! set fioi' any cli'ctrolyte or otbci foreign matter 
' wbieli may Iw present, the niet.il is always 
; remelteil m a suitable furnace, which may bo 
1 either gas- tireil or eleetiieally heated. In this 
I furnaci’ the metal is well .stirred, and any 
! foreign matter skimmed off. 

] Molten alnmiimim nwlily absorbs gases, 
j particularly at high temix’ratures It is thero- 
! fore important tliat the temjs'rature of the 
j metal should not greatly exceed the fuaum 
! jMUiit. Klectrically heated furnaces, which aro 
j capable of complete temperature orntrol, arc 
1 very suitahh' for this purpose, and as they 
have several other incidental advantages, they 
bid fair, shortly, to supplant gas-fired furnaces 
j in this respect. 

I As the metal is cost from the remelling 
furnai’O it has generally a purity varying 
fnmi 98 per cent to 99-6 per cent, the 
! chief im])uritiea being inin and silicon. Any 
j considerable quantity of iron in aiuminium 
I is readily visible on a polished or fractured 
j surface, the iron-alv minium compound which 
i is formed being hard, wdiite, and shining. 

; Silicon in the metal is also said t/O 1^ 
I caiMihlo of detection by its slightly darker 
colour. 

I The metal is oast from the remelting furnace 
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in various forms, a<'c<>rding to sulisty^uent | 
rcquiromonts, in notcht^d bare for casting ] 
and Ihi* formation of alloys, and in ing»>ta or I 
slabs for ndhng and extrusion. j 

iVluimnium is marki*t<xl either in ingot 1 
form or in a vanel> of tnannfaetuit^d forms 
such as sluvt, «in', nal, sections, etc. Foi , 
rolling, ingots an* liret heated, and are 
then rolled down hot in a nuniluT of paa«’s i 
to sheet, Mhn h is then ndh^l cold to gauge 
In this ^^a^ foil as thin as •t^K'Ti in. ma} 
be rolled, and in fait this may Is" Is'oten 
oven further, almost to the Hneness of gold 
leaf. 

IJy hot rolling h.llowed hy e»»ld drawing, 
tulics, rods, and. wire may Ik* made m the 
usual wav, and hy extrusifin at from 4(K)'’ ('. 
to GCHi' ('. continuous rods and a compiehen- 
sivc variety of extruded sections uiav Ik* 
linKiiKcd. 'lie* l>‘WiH C!un radiator is an 
mtere, sling examj)le of sin h extrusion. 

Aluminium m.iy j^ilso hr spun, [iresw-d, <»i 
stjuujHKl with e.iM' into a \aiie(y of sha|K*.s • 
the coolviug-utenHils wbnli ate now 8»» familial 
l>eing pnaluetMl h> the siunnmg of alununiiim 
sheet. 

The luinn'rous applications of the nu’tal in 
indiistr\ aie dejieiideut on ll.s^arled meihaiu- 
oal, elei tni al, and i lienm ul piopeitiea. AftiT 
its chaMi tenstie appeaianee. which is now 
so well known that to call it tin-white or 
silver- white no longei eonxeys any inforiiui- 
lion, its luo.st stiikingly apjiarerit pro|>erty is 
its lightrie*«s Its density, 2 70 at 0‘ t'., only 
exeersls that of magnesium, glueinum, calcium, 
strontium, and tlie alkali metals, and is in 
marked eontr:iH( to that of the other common 
metals (zinc, H2; iron, 7'H, copjK'r, 89; leail, 
11-4). In nmllealiihty and ductility it is only 
inferior to gold, silver, and jilatmum, whilst 
its tensile strength is about half, its eleetneal 
conduetivit V ahout |M"r cent, and its thermal 
conduetivit} ahout 40 |kt cent that of copjKT. 
Its melting-point is gixen hy the Amenean 
Bureau of Standards as br)S'7' other recent 
determinations varx'ing within a few degrees 
of this. 

Its spr eifie heat at 0° C. is *21, increasing to 
•22 at 100° C. On its s|>e<ifie heat at higher 
temperatures the data existing are rather 
contradi'*tory, much of this, no doubt, being 
due to the fact that its melting-point was for 
long taken as tV26° V. 

I.atsehenko ’ gix’cs for the total heat required 
to heat aluminium from 0" to just under 
the melting-point, the value of 187 calorics 
per gram, and for the latent heat of fusion 
64 calories jier gram, a v|ilue markedly lower 
than that eonimonly accepted (80 calories 
per gram). 

In the following table the main properties 
of the metal are summarised. 

* JoMm. Ruu. Phjft. Chem, Soe» x. 56, p. 811, 


pHofiwTiia or Ai.eMreiiTM • 

('hnnicU sx inbi.J . . . . A1 

Ati'iine wpigl-t .27 

my .... 3 

I'oflition in flivtnx'lu niu’rtl H» rK*« 10 
Khvlri'lytu* nolutK'ii ntad lo 

Tioriiutl solution of .\K 'I, . I‘0l.5 

Mohililv (tf Aliuniniuin >on 

(ll-3.fi) . . . 3-4»2t 

Melting- jKiini OfiS 7 

boding ]KKnt IWIO t\ 

l^iutent hent of fuRMi) . . . 04-80 cals. 

J<IK'cd)o heat () ( ' . *2098 

Sj'i'Ojfic ImvU mean 0 7 (' -284 

I'Jt^^trieid ni*u<li\it> nt 0 (' . 1 ('20 microh.ui 

lur in.* 

TemjK*mtun* e<H*flieient of ••leo 

tnial nsislivilx at 20 . KKOH 

Thermal conduetniii at 18 t' . 1 28 oals. jkt I" 

I JUT in.* 

Mrilulus of elasticity at 17 40(K) tona |M*r in.® 

Ten'-llr Btri-ngth - 

Annealed 5 0 fi 7 tons jkt 

in.* 

Handenst fi-O tons i>cr in.» 

I ( hill cast fi* H)*2 tons iH*r 

I in * 

Ibml bars . . 12 fi Ifi 0 Urns jK*r 

I in.* 

I 1 met lilt \ ( K nehM ii test ) — 

j MKHt -ol20in tliiek . 6*5-7 *5 

I 8lH*<*t 040:t in. thick . 8 0-0 5 

{ Sheri 1018 m thick . 11012-5 

1 f*'iK'cihe graMtx 1 anriealHl . 2'7t)2 

' at o (' /coldwo.kid 2 700 
, Speeitu graxity ut (KM)'' (' . . 2 fit >6 J 

h|<xilic graxity at WK)" (A 

(iiiolt4*ii) . . 2 3Hl t 

bj i'cific’ gravity at 80ti ( 2 .‘tt.T J 

, ( U'fl.eMnt of linear exjmiiKion 
' per I 'C at 0‘ f. . . -0(8)0245 

I Coeflicienl of linear ixpariaion 

|K*r r (' at OOO (’ . . (K)(H)3l.W 

Cuhie exjmnwon O C.-KM) (' 7 jH-r cent 

Cubic expatt- ion 0' to jiiat U’fore 
’ ineltini: . .61 is-r cent 

C'ubic exjwnaioii 0" to just after 

melting 10 0 }ier fK*nt 

• Mcrha, Chrm. atui .t/rt. KtiH., 1018, xlx. No. 4. 

t lieyrovsky, (7ie«i. .SVs*. J , 1020, exvll. 11. 

1 J*>lwarils and .Mixirman, Chem. and Md. Kng., 
1021, xxl. No 2. 

The most striking* of the ghemical properties 
j of aluminium is its reaction with oxygen. 

J Under proper criiiditions the two xxill unite 
■ vigorously, even explosively, tlu* heat developed 
' in the formation of alumina Is'ing very intense, 
whereas in (iaily use of the metal there is no 
indication of such extreme action. The latter 
effect is due to the fact that, on exivwu^ 
to the air, aluminium Iiecomcs superticially 
oxidised, the film of oxide tlien protecting the 
metal from further oxidation, 
j The molecular heat of formation of alumina 
i is 392,000 calories, a value greatly in excess 

• 
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of that of tho oxide <»f any other element, the 
heat of ffjrmation of iron oxide, Fe^O,, and 
carbon dioxide, for example, being 190,000 
caloricN ainl 07,200 ralories nj8[MH!tively- 

Thiw iH the bfww of the (ioldachraidt alumino- 
thermie proecHB, C!alle<l hricily the “Thermit” 
proceHH. When metallio aluminium, in the form 
of [lowder, and powdered ferrie oxide are in- 
tirnab'ly mixed, and tlie reaction m started by, 
say, ft burning niagneHiuin ribbon, the iron oxide 
is reduced at the exyionac of the aluminium, and 
the beat generated is siiflieient to raise the 
teinyieralurc of the whole to alwuit llOtJO" (\ 
This reaction furnislu'S ft convenient means of 
welding rnasscH of iron, ami a similar reaction 
is usetl to preyiaro pure metals from their 
oxides. It is beeause of this great allinily 
for oxygen that the* metal is not found native, 
and it is also lavause of this that efToits 
to reduce aluiiiina by means of carbon aui 
so unsuecessfid eoinmeniially. 'I’he reduefion 
does tak(‘ plae,<*, m fact, at Hunieu'iitly high 
temperatures, iiarticularly as in the Cowles 
process, when the aluminium produml is at 
oru'c ahsorlxHl by iron or eoppiT, or as in the 
experinionts by Moissui and others, when 
aluminium carbide is formed simultaneously. 

'Pile interaetioii lietween aluminium and 
air, water, etc,, depends very iiiiieh on the 
physical condition of the metal. As a jiowiler, 
an amalgam, in line foil, it will I'eaet with 
moist air or wati'r under suitahlo conditions, 
as its place in the ('l(M*troi hemical senes and 
its very high heat of eomimiation with oxygon 
would iiidiente. The resistaneo o(l(‘r(Hl by 
aluminium to the eomhitied aetiim of air 
and water is afleeted by the pivseneo of im- 
purities, in general, the purt‘r the metal the 
loss Ixiing the measure of corrosion. 'I’hough 
aluminium is so slightly acted on alone by 
water, yet in contact with aiudlier metal 
there is a decided action hecauso (*f the 
difTorence of jsitmitial estahlisluHl between 
tlio two raotols. For this reason riveta of 
alutninium only should lie used in aluminium 
ware. 

The corrosion which does take y>laco in 
ftluminiutn, in sea-water, or in tlie pix'senco of 
oortoin salts is also duo in jiart to the existence 
of local areias of ditleront |K)tcntial. Hoth alu- 
minium itself and its aUojTi, some which are 
readily comHleil in fresh water, can lie very 
thoroughly protected by the use of enamels 
or vaniisli jiaints even under the most severe 
conditions. 

Aluminium is readily dissolved by hydro- 
chloric and hydrofluoric acids, is only very 
slowly acted on by sulphuric acid, and is 
practically insoluble in nitric acid. It is also 
readily acted on by mercury salts and by the 
alkali hydroxides and carbonates, Ahiminiam 
cooking- vessels, therefore, should not be 
cleaned with soda or very alkaline soap. 


Aluminium combines readily with the halo> 
gens, with silicon and boron, and less readily 
with carla m, nitrogen, phosphonis, and sulphur. 
Its iniiifTerence to sulphur and sulphur com- 
pounds is one of its most valuable properties, 
distinguishing it from copper and making it 
lieculiarly suitable for electrical and other 
purposes in the vicinity of givs- works, coke 
ovens, etc. 

The alloys of uliiiulnium are many and 
varied and are liecoming increasingly important 
in imliistry. Broadly, there are tw'o useful 
classes : heavy alloys with under 20 jier cent 
aluminium, and light alloys with over 6t) per 
cent. 

Of the former the most important is the so- 
called aluminium lironze, an aluminium-copper 
alloy containing up to 9 per cent aluminium, 
which pro[H>rly alloyed has a tensile strength of 
:i.">-40 tons |H‘r wpiare inch. 'Plus lias many use- 
ful applications w here strength and non-liabihty 
to coirosiun are imi»ortant, and as its (*olour 
n‘scmhl(‘s gold, it can (mi used for imitation 
jewidlery. With the addition of manganese, 
this alloy has cvci'llcnt shock -resisting qualities. 

Of the latter, there are numerous varieties 
eontaming magiK'siiim, copper, tin, nickel, 
and manganese, 'rhetw' may again ho divided 
int<» two elasst's according us to whether they 
art^ di'signed for easting and forging, or for 
rolling and drawing. 

For casting, aluminium alone is for many 
purposes too soft and w’oak meehanioally, hut 
for eooking-utensils and for similar applicatimis 
whore resistance to corrosion is important, 
[)ure aluminium is always used. For other 
purposes liardeners are added, tho most 
common being zinc or copper. The former 
of thesi' IS the cheaper, and the resulting alloy 
is the easier tocast, hut the latter givojigenerally 
better results. The addition of 1-2 per cent 
manganese further impnives the copper alloy. 
An alloy containing alsmt 14 jwr cent copper 
and 1 jx'r cent manganese has a tensile 
strength of 9-11 tons per square inch and is 
umhI for aluminium pistons liecause it retains its 
strength at high temperatures. Tho successful 
casting of light alloys in complicated forms is 
very diffieult, but most of the difficulties en- 
countereii have been overcome in recent years. 

Of the alloys suitable for rolling and drawing 
tliere are the inagnaliums, containing about 
2 per cent of magnesium along with other 
metals, and a variety of others of which dural- 
umin t>erhaps is the best known. Duralumin 
has a specific gravity of 2-8, and one analysis 
of the alloy is as follows : Al, 94-2 ; Cu, 3-9 ; 
Mu, -Tfi; Mg, Fe, -a.-); Si, 11. Such 
an alloy heated to 400-4o0® C, and quenched . 
in alcohol does not harden at once like steel, 
but only gradually, reaching its final value 
in twenty-four hours. Befoee treatment the 
tensile strength of the idloy may be 10 ton* 
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per square inch with 14 per cent elongation, 
and, after treatment, b©c\>mc 2o-3() tons per 
ffipiftrc* inch with 19 i>er cent elongation. 

Though there has l»c‘en markcnl pntgress in 
the development of light alloys in recent 
yeivrs, there is yet iiiucli to lx* done, and a 
promising lield for research in this direction 

lies oinni. , , 

From th<* inteixwting pnqierties of aluminium 
and the exU*n>+iv«' variety of its rdl<\V8 indieaUal 
alKive, the rajiid growth of the inidul's use in 
industry will Ikj understood. 

Taking lii-st its um- for ehitrical puriKiai's, 
a comi»arison Ixdween it and e.qqxT is iminedi- 
utelv ne(<‘ss,irv. As the conductivity of ahi- 
mimum is piT cent that of fopiK-r, the rate* 
of th(' cioss-seetinns of the metals for eqmil 
resi.stan< o is Aluminium : (\)|>ixt 100 : tH), 

but as the density of ahiininium is 2-7<> 
while that of copper H 8 H9, the ratio of the 
weights of the metals for ivpial rc'Histanee is 
Aluminuini : ('o[»{K'r* liiO ^ 2 d) : (M) 8 H9. 

This is equal to 270: 1 or I to 1-970. It 

theref..ro follows that forequal weights the eon- 
ductn ity of aluininuim is almost twice that of 
copiHir, and that at any piico under twice that 
of eopiior, the former is the more economical 
conductor. 

The aho\fi is the main factor that deter- 
mines the UjM' of the one mi'tal or the <»lhcr 
for electrical jauiioses, but there ate otheis 
winch o|x>ratc in ceitam cas<.>s. l‘or example, 
in busbars whcii* jM'rnii^''ihlc t< inperatuie 
nse rather than voltagi' drop governs the er.>ss- 
section of (•( inductor**, aluminium has a decided 
advnnlaire, a.s its larger section admits of Ixdter 
raihation, while in wiring systems where there 
ore frequent tappings and loints. eop|x*r easily 
holds Its place. The jointing of uluminiuni 
cables for long gave trouble, because of the 
persi.sb'iit laver of oxide which forms on the 
surface of the metal, hut now there are several 
satisfaotory jointing devices on the market, 
and where butt -welding < an be lesorted to, a.s 
with loils and bar-, the joint h Iv.th mechanic- 
ally and eU*etncally jx-rfect. K.x|>enence has 
shown that aluminium can Ik* soldere<I, and 
soldered emeiently, hut the joint is liable to 
electndytic corrosion unlewi it w efficiently 
protected from atmoaphene influences, and 
generally it is lietter to resort. b> other means 
available. One such priK’esa is the butt- 
welding referred to a^ive, where the two 
ends to Ix' welded are simply heatod in a 
Wowpqx* flame and pressed together cither by 
hand or mechanically, the collar of metal and 
oxide which is forc^l out being sulxKHpicntly 
filed or cut off. 

The resistance which aluminium offers to 
the action of sulphur and its eomp^»unds is a 
decided point in its favour. It is suitable for 
use in chemical works, gas-works, etc., and in 
insulated cables where bitumen and rubber 


an* ust'd the ojqiensive tinning or winding 
with hulphur-free rublx'r, wliii h is mxMMMiary 
in the east* ot i‘opix*r. can be disjienwHl with. 

Aluminium has imni d highly suct'cssful for 
high-ttmsio’i tiunsmission work- it i» now in 
use fir tensions of lod.lKKl volts and for tha- 
tiiiKx-a of 41 * 1 ) iml<‘». Its hirgt'r section givtis 
it a ndiitivdy smaller cuuuia loss than copjs-r, 
or altonu.tricly |x>rm’m a higher woiking 
volUge, while *tb- strain on tin* maulutlon is 
also smaller witu tiic grx'uter cross-section. 
Aluminium cables rt'quire wider s|»acing be- 
tween wires than copi>cr, as their laig between 

supports and constMiueiit hfiluli\v to swing to- 
gether is greater, but tins is eomjxMisidiHl for 
by the f.iet that the smaller weight of wire 
ailowrt widti spa<*mg or lighter stiuetuies. 

The layer of oxide wliidi is generally tlio 
cause of MO mueh tiouhU* in eleetneal ^york 
has al-o In't-n turned to go<sl iiecount. \\ hen 
thi-s la\er has Ihm'II strengthened by immersion 
of the wire in eanstie soda or other suitable 
salt. It IS even found piactiiable to wind mils 
with ban' aluminium win*, insulated only 
Ix-twmi lauTH. Tlipw coils Hland a higher 
wi.ihing tcm]H*iulure than onlinary rubber 
insulatcai copjx r ( oils, are I'oiisidcralily lighter, 
and an* unaffected by moisture. 1liey have 
a fuiily extensive use as lield coils for trac- 
tion motors and for tlic windings of lifting 
j magm'ts. 

Coming now to the uws of aluiniimiin which 
an* of more imme<iia*e concern to the average 
man, the most ajipan-nt is the rajudly in- 
en-OHing sii]ii»l> of mol- ing utensils made of 
the metal. For < ulinary purposes aluminium 
not only h'oks <l<‘iin, and kecjis dean, but w 
clear, chenm .dl> . Its salts are colourh‘ss and 
non-j)oi»<*nourt ; it is not affected by organic 
acnls ; it heats rajudly.aml it is light to handle. 
It IS uwsl to iohantage in the paint and vanush 
industrie**, in the soaji and rniidlc in'lustnes, 
ami in I '.wing. For these purjiow'S large 
vessels of lie* metal are built up by means of 
autogenous welding. In tins proe^ss, by the 
u-*e of an oxy-acetylene flame and a suitable 
flux, two surfaces may lx* made to flow together 
ami a seamless, smooth surface remain. A 
pr»xx*Hs which lias lieen uwhI for the n*pair 
of articled made hi cast aluminium is cant 
welding. In this the work bi lx* repaired ii 
seciireil in a prepared mould and molten 
aluminium is run into and over the joint 
until the whole fuses together. 

For dmirative artielex, and fittings of all 
sorts, fur panelling of railway earrioges, for 


IH/IMI, »v/. - ... 

the upper structures of shiiis, for ^ 

aeroplanes, motor cars, and cycles, and for the 
complete structure of lighter-thari-air crafb— 
the uses of aluminium and its alloys ore legion. 
It* advanUges in this direction dejxind on 
ito lightncas coupled with strength, freedom 
from corroaian and danger of fire, an^ good 
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appouranco without continued applications of 
paint or enamel. 

Autonichilc pistons and cylinders of cast 
alurninium alloy have proved markedly suc- 
ceasful, not oidy from their lightm*wj, but 
also from the high thermal conductivity of i 
the metab and great progress in this direction 
id certain in the future. 

'I'ho use of aluminium in the thermit re- 
action has already been alluded to. By means 
of this reaction, cobalt, chromium, manganese, 
molybdenum, all of surpassing im^iortancc, 
can Ikj olitained from their oxides, or alloys 
Biieh a.H fcrro-titanium may be pre[)iir(Kl. A 
similar application of uluminiuin is its use in 
the stciil industry for deoxidising and for ! 
keeping the melt warm in the ladle. Alu- 1 
minium added in this way U'lids to prevent ; 
the formation of blowholes, and cives a higher 
density and ladti'r quality of stiM-l. 1 

One of the most important uses of aluminium j 
ilnring the war was for the production of | 
ammonal, the main constituent of the well- j 
know'll Milli> (Jreiuule, and one of the most j 
eonvi'iiK'iit of high e.\ph'Hive.s. Aininonal ; 
eonsists of aluminium in the f«»rm of a line ' 
powder intimately mixed with ammonium 
nitrate in jiroportions which vary according 
to the a('tion desiied. The uses of ammonal 
arc not confined to w'ar purposes, however, as 
it is an exoeflent bhisting agent in mines 
and eonlined .sjiaooa, the produela of its com- 
bustion iK'ing entirely harmless. 

It has only Ix'en possible in the above to 
touch on a few of the many iinpoituut appliea- • 
tions of aluminium. Numerous ('xti'iisions i 
in the use of tlu> metal will readily occur to ! 
the reader, and, marked as has Is'cn the progre-ss 
in the ilevelopment of the metal in iXHcnt 
years, it is safe to profihesy that with the ))ro- 
gri'sa of rest'areh, still more markeil develop- 
ments await it in the future. p 

UrU'f refen'nep inuy })0 maile to the bll>HoKr«i>hy 
of the subject. Of «lelalle(l wtHIuk on tlio reiluetion 

f iMooss as It stands at present, tliere in none. The 
ullest aeenunt apiM'tirs in 1/ 1 mlustru' </e raluminiuvt, 
Plnsln (LeRendm, 1-yon), lUt2. Professor .1. W. 
Klchanls’s Alwnimum Is the classic on the history 
of the mobil, while Mortimer’s Ahnninium (Pitman) 

Is :in excellent little book on Its manufacture, inunlpn- 
latlnn, and inarketlrm In a wtIcs of articles by 
Paul 1). Merloaln f'firmi/Yi/nnd ,Wr/«//nririe«/ Engineer- 
ing, New York, 1018,' Auirust-Dtceinlker. there Is a 
eoinplet« refertmee to all the published work on the 
metol, the pro]H*rtles of the metal and Ita light 
alloys are discussed, and full tables of physical and 
cheraical data are given. 


ALITMINTUM ALLOYS 

<1 

Amono the special alloys which are of interest I 
from the phx’sieal point of view, yiarticular ! 
importance attaches to those which may l)c ! 
grouptni together oa “ Light ” metals or alloys, i 
Among these, aluminium and its alloys are as i 
yet by> far the most important, but attention ‘ 


is now Ijoing directed in an increasing measure 
to other light metals. Among these must be 
incliKUnl magnesium, calcium, and beryllium 
or glucinum, and oven silicon. Magnesium is 
already a relatively cheaj) commercial material, 
while calcium is also obtainable in the market. 
Of beryllium very little is known as yet, and 
it IS not an industrial prtxluet, although in- 
ve.stigations regarding it are in progress in 
several qnai*t<Ts, Silicon os a hasis-metal for 
light alloys has not yet reeeivoil much atU'ution, 
probably lx)caiise the relatively impure forms 
of motallie silieuu w hich are ordinarily obtain- 
able ajqxiar to ho very brittle. As an alloying 
elomont in aluminium, however, it has assumed 
some prai'tieal importance. 

§ (1) Aluminium. — Puri' aluminium is a 
very soft ami ductile hut relatively very weak 
material. In the i-ast form its tensile strength 
does not greatly exceed .i tons js^r sipiare inch. 
In the wrought (hot-nilk'd) condition this figiii-e 
ns<‘s to about 7 tons per sqiiari' inch, and 
even in the eold-drawii states mIicu its ductility 
has het'u almost ent'ir(dy ('xhausted, tin* tensile 
strength doi'S not excixnl 10 tons per square 
inch. It IS obvious, tlieiefoK'. that juire 
aluminium cannot he enqiloyed where any 
considerable degree of strengtli or hardness h 
required. Ineulentally, the softness and groat 
ductility of the metiil also render it difiiciilt 
to n.achine, so that, for instance, it is difheult 
to cut satisfactory sc row -threads m it. On the 
t)thor hand, there are many uses in which the 
great (hutility of tin* metal and its lightness 
an* of value, while eonsiderahle strength is not 
required. In many spinnings and stampings, 
and in such articles as rooking -uti'nsils, or even 
the much larger ves-Hcla employed in certain 
brewing and oth(w ehemionl ojicrations, the 
“ pure ” metal timls important aj)plieati«)ns. 
In many such cases it is employed on account 
of its inditTeren«*e to certain eheinieal agencies. 
This is remarkable in view of the fact that 
aluminium is in reality a highly corrodible 
substance, which owes its continued existence 
in a moist atmosphere containing oxygen solely 
to the power which it jiossesses of Is'cnming 
coated with a protective film — presumably of 
oxide. Provid^ that the agencies to which it 
Is ex|)08ed in service do not remove or rupture 
this protective coating, the aluminium stands 
well. If, however, either by chemical or 
mechanical action the surface film is continu- 
ally destroyed, rapid corrosion ensues. The 
behaviour of the alloys, to be diseu.s 8 ed below, 
depends upon the same factors, with this 
modification, however, that the physical 
strength and the powbrs of chemical resistance 
of the protective film vary considerably accord- 
ing to the composition of the alloy — most 
alloys being distinctly le^ re*»istant than the 
pure ” metal. It is important }>oint out, 
in this connection, that commercially “ pure ** 



AEtMnmnt allots 


m 


aluminium may ('ontain a« much an 1 jjcr 
each of iron and silicon, although prior t<j 1014 
it was cjisv to obtain commerxdal aluinmiuin 
contaimng not less lhai» 00 0 i)er cent of the 
metal, whil(“ occa^tmal samples attaimnl 09 tl 
lK*r cent. Recently, small samples of much 
purer alummmm ha\e. Ikx'U prcpartnl in the 
lalstrator\' h\ sjx’cial means, purity as high 
as 00 07 liemg obtained, ami it is suggestctl 
that this high purity metal has much greater 
jioaers of n*sisting coirt»sion. As \e1, how- 
ever, such claims lunc not Ikhui sufliciently 
ostabhshiMl. 

For a gieat many ])urpits<‘S, including the 
most importniit for a Inch light metals uie 
renuii-ed, tin* hircngtii of “ pun* ” aluminium 
Henliicly mudci[ual(', and ali<>\.>, are employed. 
In the ( hold' "f such allovs various iMiiisidera- 
lions must he home m mmd. IVihaps the 
first of tlu'se is the nucsUoii of density. Since 
thcs<' malcniils UM- i.ilucd for (heir spci-ilic 
hghine.ss. it iHcvidcyt that, of too mali'rial.s of 
e<jual st length, that one ha\iiig the hover 
density will he pn-feraliie unh-hs otiu'r M»n- 
aul('ratioiis, hiu h as duruhilitv, etc , have to Im* 
taken into aMount. It is not a simple matter 
to dctiiH' or deletimni' thi* sticiigth *’ of any 
given t\|ie of mateiial, siiue the powi'r whuh 
a given alloy may possess to icsist one jiar- 
iKula? svsiein of sticsscs mav md Is*- -and 
frc(|uentls is not - projiortMiul to its power 
of risistmg some veiy dilTerent s\-,t 4 ‘ins. 'I'lius 
one alloy mey have a \<'r\ high tenauly, l»ut 
its resistanu' to alUrnatiug stiesMs may Ik* 
dispropoitionaU l\ low. As a rough general 
giiuhi to th«‘ jiioju'rlK'ri of a material, liowevei, 
ti'nsih' stiength. e.\pie.sH«'d in t« ims of ultimate 
or hieakmg s(ic.s>, may !«• u-sd, provided that 
the limilation.s of sueli a standai'd of corn- 
jjiir’i.son are horni' m riiiml. From this point 
of view, the ’* ligiire of rneiit " <»f a material 
may 1 h' oxprcssrsl m terms of (he ratio of 
tensile stnaigth to weight j>cr unit volume. 
This ratio has l>e»'n termcil the “H)H*(ifK; 
tenaeity,'* ^ and may lie expresseil as a nundier 
which IS the ratio of the ultimate tensile stress 
in tons jxT srpiare ituh to the weight of a 
cubic inch in jxiunds. It will l»e ses'n at 
once that the “ niniensions ” of such anumlicr 
are (l/'iigth], and, aeeorvlingly, then' Is a much 
simjiler way of expressmg the same factfl. 
This methotl, wliich was iise<l in a sliglitly ^ 
different manner by Galileo, eonsiats in stating 
the vertical length, in miles or fes-t, which a ' 
bar or rrul of the material can just support. > 
This length represents the weight of the . 
material jier unit area of croas-sertion which, 
when vertically snsiMndeil, exerts a total 
downvvaol pull erpisl to the breaking stress of 
the material per unit area. The “ siveeific 
tenacity ” can thus be expressed simply in 

• Tenth Report to the .alloys Research Committee, ' 
Jn^rn. /iwt. Mfch. Eng., 1912. 
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miles." Thus a mild steel haring an ultimate 
stnmgf li of ton.s jh'i* stjuan> inch can support 
a vertical length of ita own material of IF? 
miles. The best of tlu< wrought aluminium 
alloys now known has an (njiiivalent length or 
sjs‘cilie tenacity of 14 miles. Ruit> aluminium 
gives only 1? mile-. - 

The allovhiir metals most usually employoil 
with alun iimiu. an* ci ’ per ami rmc. or, for 
Some puipost^. u comb iiiition of Isilh. For 
jiuris>scs of instil g'>. additions of* eopjH'r up 
to 14 jKT cent have lus'ii usisl, and /mo has 
hoen addisl uj» to 2.'» or even 30 }K'r eeiit. 
Whcie the materials inv to he suhjoeted to 
working, eiilicr hot or lold, ami an' to Ik' usisi 
m the form of tod, sheet, or forgings or stamp- 
ings, KinalliT proportions of alloying metals 
must be u.sed. Since the mjuiivnients for 
castings and for wrought mateiial aie neces- 
Hiinly so different. U will bi' de.snublc to con- 
liiK' our .iticulioii m llu* iiiNt phu e to eastings. 
Kven among ( a , ting alloys, however, diffen'iil 
eoiisiilcralions aiise according to the uses for 
vvhn h the lastings are mtendeii ; alloys which 
are (|uite satdfat tory for use at the ordinary 
temperature heeoming, ill some ( asi'S, useless 
where hitdier lempei.itUH'H have to he borne. 

§(2) ('vsriNil Al.l.ovs (i.) ro/»/<*7-dwr .1/(0 
nmnmn. For ucni'ial easting purposeH the 
most widely used t v pc of alloy is one cuii- 
tanimg both /me ami eojiper, the proportions 
I hi mg geiierallv of the onlei /am' 12 to 14 jw’r 
lent, topper 2 .7 (o ,'{ p* r <en1. In the chill 
east slate sU( h an ull"j has a tensile strength 
of about 1.3 tons |X'r wpmrc iiieh, with u 
s|>c< ilic gravitv of 2 IHI. This corrcspotids with 
a s|s'( ifie ti'inuity of \ iniles. Uy incit'aNing 
' the yam- eonienl, it is jxissihle to obtain a 
higher H|M'i ifn ti'iiaiitv, hut this is comluned 
vvitli W'vei.d ili.sadvanlas’cK. limber zanc con- 
tent appeal's to imrca,se the diilieulty of 
obtauimg sound e-astings, juineipally bceauso 
the all \s bceome vary weak and “ b'lider ” 
while h t and aie apt to erack while cooling, 
cither as tlu result of eoniraction stiessi's or a« 
the conHequence of slightly careless handling. 
Further, the limber s[M'eifii tenacity does not, 
in cJi,stingH, entirely i ounterhalam e the effects 
of higher den.sity. 'Fhc reason li<*s in (he fact 
that it la not jsissihle tr* make the walls of 
caatings thin enough fully to utilise the greater 
strength of the heavier metal, since for foundry 
reasons, and also in onler to make the easting 
reawmably robust os against local damage, a 
oertain nijiiimum thickness is necessary. The 
com|>osition named above is regarded, for the 
copper-xinc-aluminium series, as the Ix^st com- 
promise', and the alloy has found very wide 
practical application, l^arge and complicated 
castings can Iki ri'mlily made of it, and it 
can lie very easily mat'hined. Other alloys, 

* Klcvnilh RcTHirt to the Alln>s Research Com* 
mittee, Jovm. Intt. Merh. Eng., 1921. 



AIUMINXPU iIXOTS 


mentioriod below, are, Ijowcvor, very lilUly to 
sufRiffiode thw type in tiie near future, ainec 
they cun Iw nui<l(5 to attain miuth greater 
«tr('M|^tli, a mu(di lii^,dier aiweific t<'naeity, and 
much greater loniataneo to corroHion — the 
lattfjr tlm weakent point in all aluininiuni 
alloys containing' notable pnnioitions of zinc. 

(ii.) ('opper Aluminium . — The alloys of alu- 
ininiiiin with co]»i)er alone (4 per cent, 7 to 
8 jMsr cent, and 12 per cent have been whlely 
used) present no ailvanta^'o over tlie e(»ppor* 
zinc tyi>e when inti'mh'd for usti at onlinary 
temperatures. All alutninium alloys contain- 
ing much zinc, however, show' a vmy ra[»id 
falling off in striingth with lining teinperature. 
The alloys fns' fioin zinc and containing coppei 
alone, or, lietter still, copper plus a snuill jx'r- 
centage of manganese, show a much lower rate 
of decliiio—one alloy containing copper 14 
jxir cent and manganese I ju'r cent is .ictiially 
stronger at 2r>0" (!. than at the (trdmury tem- 
perature. This matter of strength at model - 
ately elevated temiiciaturcs is of the greatest 
importance in the use of aluminium alloys for 
such j»ur(}oseH as the [listons of internal com- 
bustion engines. Such a use ap|icars at lirst 
sight remarkable in view of tln‘ fact that tlu'so 
alloys melt at temperatures in tim neighbour- 
hood of OOtr ('., while ca.st-iron itUtons in 
aeroplane engmi's have been known to attain 
temperatures myir 50tr (’, It is, howcvei, the 
princijial merit of the aluminium alloy piston 
to reduce very materially tlie tempmatuics 
attained by tlu' walls and pistons of an in- 
ternal combustion engine. 'Phis is due to the 
very high thermal conductivity of aluminium 
and its alloys as conijiariHl with steel (fiom 
Ibri to 4*5 tiiu('s). 'Phis lowering of the teni- 
|M'ratuit', particulaily during the compression 
stroke of the engine, not only l>rings about a 
very marked improveuK'iit in the elPu loncv and 
jKiwer outjiut of tlie engine, hut also icduces 
the maximum temperature to which the piston 
itself is (exposed. In high-duty aeroplane 
engino.s it has been shown that the head of an 
aluminium alloy piston <loes not attain teiii- 
jxiratuixis greatly exoeeding 2r)0'’ (\ 'Phe 
more suitable alloys can ea.Mly withstand thus 
teniimratiiix', and they have found verx’ ex- 
tensive use not only in aennilane and airship 
engines, but also in fiome of the much larger 
Diesel engines iiseii in submarines. 

§ (3) Strength and Temper attire. — The 
relative liehavioum of a series of different 
alloys in regard to the effect of temper.atur© 
on tensile strength is illustrated by fhe graphs 
shoTvn in Fig. 1. The graph marked “J<5” 
represents the behaviour of an alloy of the zino- 
oopper type such as that referred to ulmvo ; it 
shows an immediate and rapid fall of strength 
with rise of temperature. The gmj>h marked 
“ (^ 1 12 ” shows thp lH‘haviour of an alloy con- 
siatiug of 12 per cent of copper, reinaindet 


aluminium (jilus impurities). This material 
shows considerably lower tensile strength at 
room t<*inj)erature, hut this strength does not 
fall of! ipiite so rapidly as in the alloy L5. 
None the less, at 250*^ C‘. its tensile strength is 
md more than 7 tons per square inch. A 
sinking contrast to these two alloys is pre- 
sented hy the alloy containing copjier 14 per 
cent, manganese 1 per cent, whose hohavionr 
i.s indicated in the correspondingly marked 
graph (M/l). Hero the tensile strength 
actually rises from about 9 tons per square 
inch at room temperature to about 10 tons j>cr 
square iiicli at 250” f. This behaviour is so 
anomaloii.s that it has been repeatedly cliockod 
by sevi'ral independent investigators ; not 
only has tins fact itself been firmly established, 
but it lias bixm shown by the further observ'a- 
tion that till* ela.stic limit of jiropoilionality 
(Kp) also rises from room temperature to 



250® C. Tlie underlying jihysical causes of 
this rernarkabk' behaviour have not, however, 
been ascertained. 

The fourth graph in Fig. 1, marked ‘‘ Y,” 
represents the behaviour of an alloy which has 
been comparatively n'oently develujied by re- 
searehes at the National Physical Laboratory, 
This alloy contains 4 per cent copper, 2 per 
cent nickel, and 1*.5 per cent magnesium. In 
the chill-east condition, this material has at 
r*>om temperatuix' slightly greater strength 
than “ L5,” combinerl with a lower den.sity. 
Further, its strength falls off so slowly with 
rising temperature that at 250" (\ it still shows 
12 Lms—a figure nearly double that of the 
previously widely used piston alloy containing 
12 }>er cent of copjier alone. It has further Inxm 
found that by suitable heat tnxitment this 
alloy, even in the cast condition, can be made 
to attain a tensile strength as high as 19 or 
even 20 tons per squai^ inch, and in this con- 
dition its strength at 250® C., even after jiro- 
longod exposure, is still over 12 tons per square 
inch. The heat treatment in quietion con- 
sists in first heating the casting, preferably in 
a salt-bath, at a temperature near 500° C. for 
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a peri<xl of about iiix hours, followed by quonch- i 
ing in b<uling w ator. 

§ (4) AovANTA(ihs OF LiniiT Alloys.™ 
Apart from tlm constantly im roiusing appHca- 
tioiiH tif the liglit allo\8 (jf aluminium for 
engmeonng purpost's, thi‘rt> a(‘cms to bo no 
doufit that, particularly in the cast condition, 
they offer icmarkable julvantagcs for the ton- 
structmn of many forms of sticntific instru- 
ment, Tlu‘ great c/jt objection to thorn is 
often bascil on the idea that they are unduly 
liable to corrosion, but this b'ar is only justitiisl 
in the case of mstiumcnts liki'ly to lie exjiosed 
to water oi spray fiom tlu' sea. Even there, 
however, ellieient protection by means of u 
suitable v:irunh is perfectly jiossible, while 
jiolislied HUifact's winch arc frequently handled 
atnl arc kept poli,-,hcil do not suiter at all 
readily. In othei situations, hoA\ever, these 
alloys provi' to be extiemi-ly resistant t<i 
atiuo^jihei le eoriosiiiM, even the moi(‘ eorrod- 
ible alloys (onlaimiig /me do not taniish 
tir deteiioiate as mm li as hare luass or hionze. 
As regal ils the eornbinalion of lightnes-s with 
stienglh, then' is of eourse no comparison 
between tli<’S(' alloys and hians, nhile the 
machining piopeit U's, particularly (»f the zme 
ullo\s, IS spei'ialK u'o<id. They are paitieu- 
larl\ suifahle foi all pm poses where accurate 
machining and good Iniisli ,iie risjmnHj. For 
a gieat many pm pox s m mstiument eon- 
stiiietioii, tlu'iefoie, they are [mitieularly well 
suited. 

A ijiiolioM w lie'll IS sometimes ialse<l m 
regard to almmnimii ,dlo>.s mtomh d for use m 
instimiu-nts i"^ tli.it of st.ilulit v oi fiermarieiiee, 
aiiaitfiom < oiiosion. Sonm in.stiument makers 
have mxloiibti'dh met with unfortunate e.x- 
pcTienees in <onm(tioM with liie-eastmgH 
which had been disenbed as ‘’11111111111111111.” 
(.'arefiil investigation has, however, shown 
conclusively that the die-eastings wliieli eniisHl 
trouble by spontaneous w.irjiing and, in some 
ea.ses, by in tual disintegration were not 
“ light ” allovs at all. but eonHiMte<l of a large 
pn*portion of /ine with which amounts 

of almiiimum and eopfier had Ix-en alloyed. 
These /iiie-rieh alloys, wli<*n they eontain both 
copyx’r and aliimimuni, are now' knowm not to 
be ndiable or permanent. ^ On the other hand, 
extensive tests, over periods of more than 
seven years, have been made on eastings eon- 
slsting m.vinly of aiuminimn in the form of 
some of the alloys mentioned above, and it 
can be stated detiiiitcly that although the 
alloys undergo a senes of slight internal 
changes w ide h lead to a |>ert‘eptible increase in 
their strength and liardifess in the eourse of 
time, yet these changes are not accompanied 
by any changes of shape or volume which could 

* /.Ine Alloys with Almninlmn and Copjipr,” | 
lUwcnIiaIn, liauglitoii, and Bltutham, Joum. /wt. 
UKUilt, 1020, vol. xxiU No. 1. 


Ih' appreciat<'d in their constructional use ev(*n 
111 instrument work, unless the attempt were 
made to employ tliem for staiuiunls of length 
OI work of the same grade of aeeura<y. For 
all ordinary purposes, tlieiefoie, the alloys 
may Ix' einjiloveil with complete eontideiiee in 
their perm.uienct and stalulity. Only one 
piimt ri'iuu.tvs caution Jn the east condition, 
particuhiily if the i.isimg is of eomp!e,\ form 
or is a bollnw ''..dv, tlii' high eitethcient of 
thermal expansion of thes<« alloys bt>metime« 
leiuls to the prcseiue of inli'riial contrac- 
tion stn^Kses. If the casting is UM'd m that 
condition witlmul further liciitmcnt, liiese 
stn'sses art' unable to reiease themselves and 
no further effet ts lesull Jf. on tlie other Jiahd, 
the c.istmg is nun hined in suc h .i way as to 
cut away the outer skin either wliolly or in 
part, slight eliiinges of sb.ipe or diiiiensioii are 
apt to occur. I’rovided that the easting is 
allow etl to adjust itself after a fiist rouglimg 
cut, these small ehangt.s have no evil elleet, 
Imt if mat hilling is \ei> lapid and the article 
is completed htfori' adjiistiniiit has taken 
]»laee, subsequent slight distoilion rna\ oi ( ur. 
This Is partu ulurl> liable to occur if tlie easting 
IS ttftcT’waitls e.xpost'd to an ehvateil tempera- 
ture, ami its o< eurieiiee accounts for t be w idely 
prevalent idea tliat alumimum allov lastiiigs - 
ami especially engine pistons “ grow ” as the 
result of lepialed beating and natlmg. All 
such mtenial stnsses i-aii, however, Ih' (‘(feet- 
iveh leinoveil l>v til t heating the (astmg to a 
temjieiature of aliout 2(KI (' to 2d0 and 
then alhoMiig it to cool slowly ( astings in- 
teniled for use 111 high < lass nmtiunients should 
certainly he pie annealed m this manner. 

ti (.■)) Wnorun .Ai,i mimi’M Allovs. - 
While aluminium ,illo\s have undoubtedly 
found their widest ajijihe.it ions in the form of 
eastings, veiv gnat interest and importanee 
also att.nhes to the vviouglit muteiuil, f.c. to 
the jiroii.ets obtauusl by sue li jitocesHes an 
rolling, forcing, eAtrusion. stamjiuig, sjuiiniiig, 
ete. It is 111 the wrouglit eomlition that tlii'so 
material.s have altauieil by far the highest 
eombmation of strength and lightnesa (i.c. 
8jK‘eifie (enaeity), but at the same time very 
conHiderable d.flieulties have had to Im* over- 
come before the rtiatenals could lx* watiafoc- 
torily w'orke*!.* 

§ (t>) Thk Alloy ” ;i/20.” - 'J he Himjileat 
of the “wrought” alloys is one which haa 
Iiecn develofieii eomjiaratively n'ceiitly at the 
Xational [’♦lysieal Jjiborat<jry, and is gener- 
ally known aa “ Alloy A ” or “ 3/20.” The 
latter designation is derivfxl from the fai*l tlyit 
the alloy contains, liesides ahimmium, 3 fier 
cent of c.<ipjM;r and 20 jicr wait of zinc. In the 
form of hot- rolled bars or sheet this alloy 
attains a tenailo strength of from 20 to 28 

• Eleventh lOqiort Oj the Alloys Research Com* 
mlttec, /Mt, JHew. iSng., 11121. 1 
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tons per wjuare inch, cnrahined with a con- 1 on a gauge length of 2 inches. This alloy, 
siderable dcgrco of <liictil>ty as indicated by ! which contains, U'sidcs aluminium, approxi- 
an elongation, on a gauge length of 2 iiuhes, j mutely IS per cent of /me, 2.') p<>r cent of 
of from IS to 25 ])cr cent. By annealing at j copper, 0-5 per cent id mangam^se, and 0*5 
251)'’ this alloy can be rendered relatively i per cent of magnesium, has a density about 
soft and ductile, andean then bo iKUit, stamped, j the same as that of alloy “A” (“ ,'{/2() "), 
or sjiun ipiite leadily. In this condition it is i.e. IMO, and has therefore a specilic timacity 
safe and durable, jirovideil it is given adequate i of 12-0 miles. In order to attam this condition, 
firotcctiofi from severely corroding conditions. ' however, special heat treatment is required. 
()n the other hand, the alloy poHsesses a romarlv- | This eoiLsist.s in heating the alloy to a tempera- 
able peculiarity which must be bomo in mind i turn of .150 " iindmably m a salt- bath, 
more in its manufacture than in its use. 'i'hiM 1 followed by qiieiiehing m water. Immediately 
is the cireiimstanco that if it ha.s been annealed | after quenching, the alloy is rather softer than 
for any length of time at temperatures vxvtul- before being lusit-treated, hut a hardiming 
ing 2.5t)^(l. it is |tul into a eoiulition - best de- proeess rapidly sets in and the full baldness 
seiihed as “ over-annealed in whieh it is is attained m four or live th^ s. The strength 
liable to crack upon proloiigisl exposure to and hardnes.s thus obtained apjiear to be 
comparatively light stiess(*s. 'I'his behaviour entin^ly poiniaiiciit, such giadual changis os 
is 111 every way analogous to the well-known <,c<Mir m several sniiseqiient \ears tending 
“season Mucking ” of Inass. d'he ('Xjilana- towards a slight further imica'^c ol haidness, 
tion appi'urs to lie that, as a result of over- There is no evidence at all that any of the 
annealing, the alloy IS found to con.sist of very hanhuieil ahimmium alfoys undmgo any 
ivgular crystals liaving smooth, almost recti- j Hoftemng oi detei umuI ion it k«‘pt at the 
linear oiitliues, anil thes«i smootli cryst.d ordinary ti'inpeiatuie or below 1(H)' (’. The 
boundarK's oiler too httk' vi'Histanco to forces j alloy “ l-l,” howe\ei, soon loses its great 
whicli tend to make them slide ovm* one j st length if heated lieyond 1.")() 

1) (7) Di'UAi.i'MiN. 'l lu' best -known and 
most widely e.stahhshed of the wioiight alloys 
of aluminium is undouhti'dly that geruT- 
ally known as “ Ituiahmim'’ Tins was the 
Wliero tile houiidai ICS are rough and irregular, i first alloy m which the luiqicity conferred 
such How cannot occur, .uul the material is j |,y addition of mngnesuiin was utilised for 
free from till' risk of " season enu king. 'Ihis | |,ractieai jaiipo.ses. The alloy is made in a 
liability to damage thioiigh “ over-aniUMiling j of rompositions, hut a typical analy;is 

constitutes a I'crtain disadvantage to the alluv j shows cojiper 4 js'r cent, manganese 1 per 
“ A ’ (or “ 11/20 ‘ ), hut when luoperly troatcil (>ont, magiiesuim 0.5 j er cent. It has, how- 
the material IS e\trenu'ly useful. .Vt the same' ie<‘ently Ih'oii shown ^ that the real 

tiiiu', this should he a relatively cluvip .illoy, h.irdenmg agernt in these alloy.s is not mag- 
lu'cau.se it contains a eoinpaiatively large nosiiini itst'lf, lait a eompoimd of magnesium 
]iropoition of the inexpensive metal 7.ine, and , }^Jln.oll corresponding t(» the foimula 
also In'cniise of the facility and .simplicity of j Mj,^si. In the nhscueo of .silicon, or even 
its production ;vs compared with some otlu>r j siitlicieut amount of that element, the 

light alloys. ()wing to the ndativi'ly high j luvnlemng ellect diHapjiears. The ih.scovery 
xine-conU'iit, this alloy has a density of aj»- j fundamental fact, which ajtpoars to 

proximately IMO, hut none the les.s it attains h<M'U cntiielv ovc'ilooled by \\ dm and 

a specitic tenacity of 0 miles. (>orman colleagues, throvis a strong light 

Of gn'ater inten'st and importance, m some nature of the hardening jihenomena in 

n'sjieots, than the alloy A ( 3/2t) ) j aluminium alloys, and e\en on the harden- 
itself aix' some of its diwivatives. These have 1 steel. The behaviour of aluminium 

IxM'u arriveil at, after ext«^\sive n*search, by | alloys of this general type (whieh inoliidca 
the application to the alloy “ A ” of the harden- 
ing elToct which, accortling to the important 
fundamental discovery of ^Vdm. can Ix' pro- 
duced by the addition of small amounts of 
magnesium to aluminium and its itiloys. This 
hardening etfcc^t is luon' fully discussed l>elow 
ii> connect itm with “ Duralumin ” and alloy 
“ Y,” hut its application to the “ 3/-d ” 
tyjHt of material has led to very remarkable 
results. Tlius one alloy, known as K ” 

(JS.P.L.), can be made to attain a tensile 
strength of 39 tons jier square inch, c<mi- 
bined itsith an olongotion of 19 iK*r cent 


Duralumin) is, nt first sight, niystcnous. 
.After heating for a short time at a suitable 
high tenqx'rature, which in the case of Dur- 
alumin is between 480" (’. and .500" followetl 
by quenching or otberwisc rapid cooling, 
the alloy is at first di.stinetly softer than it 
W'aa iH'fore this trejitment. IXirahimin, for 
example, in the condition as rolled has a 

' K.levrnth Report to the Allnya Research Com- 
mittee, 1921 ; ana " Constitution imtl Ape-lwrilenina 
of the Alloys of Aluminium with Magnesium and 
Sllleoii." Hanson and Oayler, Journ. In4. MtiaU, 
■ ■ voL IX vl. No. 2. 


another or pull apaii. iiiw inier-crysiaiiini* 
motion in piobably du(' to viscou.s or vi.sco- 
elastic How ot the intcr-crvstallinc cement (see 
“ Mi'tals, Relatnui of Stiain and Structure ”). 



ALtJMDnUM AIXOVS * 283 


tetiBlle Btrength of about 18 tons jjcr square 
inch, with an elongation, on 2 inches, of 
about 1<) |>er cent. IinnietUately after quench- 
ing the tensile strength is slightly lower 
(about 17 tons per Wjuare inch) and the 
elongation slightly higher. In the courst' of 
the first few hours after ((uenching, however, 
then* i.s a marked riw^ ui tensile strength, 
and this continues, at a deereosmg rats', 
for about four days. At the end of that 
time the alloy has attaim'd a tensile strength 
of from 2o to 27 tfins |>er square imh, 
while the elongation ha.s not lecedisl appreci- 
ably Ih'Iow the value of the freshly rolled 
material— Is'ing sometimes slightly higher, 
i.e. about 18 to 20 |H>r cent (Ui 2 iiiclus. 
Analogous jihcnomena are oijserved in other 
“ hanh'nmg " aluminium alloy.s, .such o-s I 
the alloy “K" described abo\e and the 
alloy “V” (sis' hclow). It has further 
Iks'U shown that the rate of hardening after 
quenching, and evi*ii the maximum hardness 
attained, mav be considei.iblv increased by 
mainfammg the alloy at a slightly I'levatcd ^ 
UMii[»erat lire dining the ageing jiroi’ess. At ; 
all I'Vi'Hts, the state i-eachetl after a few days’ 
ageing aiipears to be .stable, although in the 
case of Diiraliimm a \ery gradual further 
ageing ctTeet, tending to make the mati'nal 
rather hanh'r and less ductili', appears to 
take place m the eoiirso of years— ob.servat ions 
over a pi'riod of ten years are now availabh*. 

§ (8) lli.vr Thkatmknt chi' Aujaiinu m 
Ai.lovs -I’hc whole proei'ss undergone by 
these allo\s as the result of quonehmg and 
agi'irig l>ears a striking ri'.si'tnhlance to the 
hi'havioiir of lertain alloy steels whieh aro 
retained in the austenitic condition (sw 
“ Sti't'ls, Some S|KH ial ") hy (juenehing. In 
this condition they an' soft and diielile, hut 
in some cases they can l>o causi'd to liocomo 
hard and magnetic hy being slightly heated 
in a manner which would, in hardened carbon 
stoi^la, bring about “ temjicring.” In these 
stools, howi'ver, the result of t<‘mf>ering is a 
pa.ssage from the austenitic to the martensitie 
condition. Here the transformation is now 
rec'ognised to arrso from the separation of a 
substance or phase which had lieen retained 
in solid solution os a result of very rapid 
c<x)hng ; the separation of this previously 
dissolved phase in a romiition of extremely 
minute dhperslon gives rise to the great 
hardness of martensite. The close analogy 
of the aluminium alloys strengthens this 
explanation, since it has IxHjn shown that 
hardening of this kind only occurs where a 
compoiinil 18 present wliich is more soluble 
in the solid matrix of the alloy at a high 
temjH'raturo than at low^r temperatures. 
Quenching such an alloy retains the compound 
in solid solution in a meta-stahlo condition, 
leaving the alloy as a whole soft ; if the 


1 qmnehed material is then kejil at a temjxTa- 
ture where the m'panitmn of tin dissol\«xl 
' eoinpouiul can <H-eur giaduallv and m an 
extrenu'h tinely divided londilion, gradual 
hanlenmg hy “tempering” will occur. In 
[ steel , such a (emfMTiiig teui|a>ralure is, 
generally, o’lly at'ained b\ tlie aid of applied 
heal : in tbi fliummiii'n alloys the tem|K'rutuie 
of the air is ’mgh eie tigh to jM'rmit of tin' 
gradual oeemrei'vO of thi' process, which is 
accelerated by a slightly rai.'ied teiniX'rutun', 
and can U' cntiiely inhihited b\ Keeping the 
metal at a vei\ K-w teinjicratim* * 

Duralumin, in which this jirorcsH had 'kh'H 
])raetically utibsi'd long Uforc its true iiatim* 
was iimler.stood, is llms a inatcnal winch, bv 
jirojM'r hi'ui tn'iitnii'iit, actjuni's remaiKable 
lirojs'rties as regards Mniigth ami dintihty. 
Its beh.uiour (dleis the \aluable possibility 
that the all<»v ean be wiowght (cold woiKed) 
while m a •'ofi slate ami ( an then Ik* hardened. 
On the other haml. om(> it has Isaai hanhmed 
it must Mot be e\po8<’d to any tem|H*ralur<' 
inneli abo\(‘ ir»n' ('. otlierwi.M* its a(<jmr<*d 
hardness is lost. This lomh'is it noeessarv to 
e\er< ISO gri'at <Mn' ami hiijs r\ ision wherever 
this alh»y IS einjilo^ed, siiu'e it ean lx* Very 
st'iioijsly weakened by a slight aimnint of 
warming 'I’he lieat tieatmcnt itsi'lf also rt'- 
quin*s great caie, since, at a Ijmijx'rature only 
a f»‘w degri'es higher than that uw'd for 
qnem lung, the alloy is liable to Is* ii letiievably 
(lamaged, l's<*d w.lh projier tare and skill, 
liow<*vei, there can lx* no doubt of the great 
value of Duralumin, wletse “ spi'cilie lemieity ” 
IS represented 1)\ the figuie U miles. 

t) (fl) Tiih N.h.h. Ai ioy “ ” - An alloy 

which, while m tomjjoHition and eonstitu- 
lion eiitireiv dilTereiit from Duiniuiniii, yet 
* f'cars a <er(am nsi'inhlance to it, is liiat 
I develofied at the National IMiysical hahoralory 
' under tlo' narm “Alloy ” [iiilially de- 
velojKx! t'- a casting alloy and valmal laigcly 
for Its relatively veiy high strength tit (devated 
UMTifM'ralures, it was foumi that this niaterial, 
containing 4 jtei cent of eopjK T. 2 per cent of 
nickel, and 1-5 ]kt cent of magneBUirn, could 
Ije wrought bv forging or ndling and w'os then 
capable of undergoing age-hanlening afts'r 
quenching. The ’presencp of nickel m this 
alloy IS of primary importance, since it is 
found entirely to alU'r the internal stnictur© 
of the material. The compound ('uAl^, whieh 
forms so imiwrtant a feature Isith in Duralumin 
and other Xlnminium alloys containing copjicr, 
is entirely absent, at all events in the heat- 
treated alloy “ Y,” l>eing replacrx] by a Ix^ly 
whieh appears to lie a ternary compound of 
copper, nickel, and aluminium. The absence 
of CuAl, is important for several reasons, 
one of the most noteworthy being that the 

' Mcrica. Waltcntien?, atul S<ott, Ainerlciin Inst. 
Uiniog and Metallurgy, June 1919. * 
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temperature at which incipient melting occurs 
18 thereby conHuhiralily rawed. This ha« the 
valual)le cITect that the heat - treatment 
(quenching) temperature to wliieli this alloy 
can 1 ms Wifely Hubjeeted w eoiwiderably higher 
than in the case of Duralumin, while it ia 
probably alao nsaponaible for the fact that 
the alloy “ Y ” ahowa dwlitu lly gn-ater 
rcHiatanco to fatigue streaww, jiarticulaily at 
slightly raiai'd temjKsraturea. The power of 
rcHiating corroHion also appeain to be improved 
by the riqilacoment of the copper-aluminium 
compouml by this ternary biMly. For all 
pur[)oww where reawtanee to moderately 
corromve eonditiona is CHHtsntiul, and where 
Htnsngth at elevaU'd tem|Mwaturt‘a la important, 
the alloy Y ” apjx'ara to oiler very decided 
advantagoH. At ordmary temiMsiaturea ita 
strength w approximately the wime as that of 
Duralumin, so that from the point of view 
of NjKseifie temu'ity alon<' it orters no advantage 
over Duralumin and w vi'ry much infeiior to 
alloy “ K,’’ above. Alloy “ Y,” however, w 
th(' only one which has, ho far as iniblishwl 
data are coiusenied, Ikhui HUceesHfully used for 
the eonneetmg rods of a high-s|HMsd internal- 
combustion engine. It has Iwsen uw*<l m om* 
such engine to leiilace a w't of mild-stei'l 
oonneetiiig rods of identical dimensions, and 
the substitution has a[»preciably improved 
the engine, not only on aeiiount of the r(Hiuetion 
weight of the reciprocating pails, but also 
as a nwult of the considerably greatsu* cooling 
elfect on the bearings derived from the high 
tlu'rmal coiiduotivitv of the alloy rods. 

For the eonstnietion of scu'iitdie instru- 
inentH, all the alloys which have heen desi rilied 
above would apjaavr to be available, Fveii 
alloys " A ” and “ F ” do not sutler appixa iably 
from atmos{»heric I'orrosion iii an ordinary 
room or laboratory ; Duralmmn is more 
resistant, and alloy ” Y” still more so. The 
latter material can well be uw'd in either the 
east or the w rought form. Alloys “ A” and “ K” 
are jiarticularly satisfactory from the |)oint 
of view of maebining, “ A ” lH*ing sujM'rior 
in this ro8|icot to the Iwwt kinds of maohincry 
brass. In many cas(>s the saving of weight 
or the increased sti-engtli and stiffness obtain- 
able by the nae (>f these materials would [wove 
of very considerable value. n, 

Aluminutm Alloys, heat tri*atiuent of, See 
“ Aluminium Alloys,” § (S). , 

Aluminium-maunesiitm Alloys. See “Alloy 
Systems, Typical,” § (7). 
Al.CMlNlUM-MMlNKSTUM-SlLK’ON AlLOYS. Set' 
“ Alloy Systems, Typical,” § (24). 
Aluminium-zinc Alloys. St'e “Alloy Sj's- 
tems. Typical,” § (5). 

Mechanioal properties of. See ibid, § (5), 
Ta^le lY. 


Amorphous Phase, existence of, between 
crystals of metals. See ” Iron-carbon 
Alloys,” § (11). 

Amoui'hous Phase 'J'heory ; the theory that 
metals I’an, in certain circumstances, exist 
at the ortlmary tenijK>ratare in an amor- 
phous, or vitreous condition, and that in 
this comlilion they are very much harder 
and stronger than in the crystalline state. 
S(H^ ” Metals, The Kelations of Strain and 
Structure,” § (1). 

Effect of soiuhility and Jiardoning. See ibid. 
§(«)• 

EfIectH of strength and tem[Kwature. See 

ibid. § (.■)), 

Effects of tempiM'irig and quenching. See 

djul. (H). 

E\jM'iimontal basis of. See ibid, § (II). 

An(ile-h\kh, made from mihl carbon steel; 
analysis ; meebatuea! te.sts. See ” Steels, 
SjK'cial,” (4b), Table !>, 

Anmem-ino • beat treatment (generally heat- 
ing for a certain [MTiod at some detinito 
high tern pet ature with slow cooling) for 
the removal of strain or hardness due to 
jirevions rapid cooling or cold working. 
See ” Metals, Tlu'rmal and Mechanical 
Tieatment of,” §111). 

Of steel. Sisi ” Iron-carbon Alloys,” § (10). 

Anode Poti;ntial is Copi'Er Cell. See 
” CiqiiH'r, Electrolytic Pefinmg of,” § (1). 

Anodes kok Copper ItEviNiNO. See 
” Cup|)er, Electrolytic lletining of,” § (1). 

Antimony in steel. See “ Steels, Sjiecial,” 

§ CJO) 

Ari' Fi!RN vok, direct : an arc furnace in wbiidi 
the ar. Is struck Ix'twei'n an electrode and 
the ehargi'. Sisi also ” Eiiniacos, Eloc- 
trie,” S (2) ( 1 .). 

Indm'ct : an are furnace in which the arc 
is struck iM'twwn the electrodes and the 
charge heated by radiation. See also 
ibid. § (2) (ii.). 

Arc Furnaces. See ” Furnaces for Lilmra- 
tory Use.” § (5). 

Armament Steels. See “ Steels, Six!cial,” 

§ ( 53 ). 

Ahsem Vacuum Furnace. See ” Furnaces for 
J.Ab<»ratory Use,” § (0). 

Arsenic in steel. See ” Steids, Sjiecial.” § (28), 
Prow'nt in copper. Set' “ Copper, Electro- 
lytic Refining of,” § (6). 

Austenite : a constituent of steel. See 
” Iron-carbon Alloj^s,” § (/>). 

Automobile Steels : analysis ; mechanical 
projicrties of. See ” Steels, S}iecial,” § (46) 
(iv.). Tables 14, 15. 
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ff-lROS. tSoe “ Ir«n-carbon Alloys,'’ § (3). 

Bauxite, Fusion of. See “ Furnaces, Elec- 
tric,” § (o) (i.). 

Bkilby : his Ihoory of jxilishing bascnl on tlie 
flow of solids under mechanical disturh- 
anco. His rosoan'hos show conclusivel\ 
that tho production of a polish is 
duo to the molecular flowing of tho 
surface being polished. See “Solids, The 
Flow of.” 

Belatew, Ckystallisation or Steel. StM> 
“Iron-carbon Alloys,” § (7). 

Benedicks, Dilatation of Ikon. See “ Iron- 
carbon Alloys,” § (3). 

Binvry Ai-I-oys. Sec “Metals and Alloys, 
Mu ro-atructun» of.” § (0). 

Alloys containing only ino elementary 
metals. See “ Alloy Systems, Typical,” 
§ (1) ; “Steels, S|K'cial,” § (11) (u.). 

JJiNMiv System, eipiihbriuni diagram. See 
“ Alloys, (institution of.” 


Bixaky and Teknaiu Systems of Hkkkac* 
tokv Maikkials. Ste “ Hcfrai tories,” 

$ M- 

Bismuth m steel. Si e “ SUsds. SiKs ial,” 
S (30). 

Bluw-hole.s : Snjall cavities found in ing«d<i of 
ca«t metals, one U» thi' imprisonment of 
bubbles of gaa m tlie metal during solidilica- 
tion See “ Metals, Defect-s and Failure of,” 

§ C^). 

Bokon in sUsd. Sid “ Slixds, S|k i.al,” § (17). 

Brash, Fuiinacks for. Ses* ‘ FurntuDS, 
Electric,” § (fl). 

Brasses, Sfkiivl. S<>e “Alloys. Some 

SjHM ml." §(l). 

Brinell Hardness Test, consists in tbo 

mcivsunum'nt of the imjuDssion made by a 
hardiuicd steAd ball undor l.noun load. Sts) 
“ StAsds, SjHMual,” § (2). 

Bronzes. Special. Sid “Alloys, Some 

Special," § (1 ). 


( 

Carhon: it^> preat'iico in steel. See “ Iron- 
carbon Alloys,” (0) ; we also “ StADls, 
SjKM ial,” § (21). 

Carbon Steels : analysis ; strength. Sid 
“ Steels, S(>t'cial,” § (1), Table 1. 

Influence of low t-omixmAtures upon pby'sieal 
proiXTties of. S<d tbid. § (4) (A) (iii.). 

Carbon Tool Steel-s as magnets. S<d 
“ Steels, SiXTial,” § (9). 

(Carbon Tube Furna(’F.. See “ Furnaces for 
I>al)oratory Use,” § (3) (a). 

Carbonaceous UErRAcroRiES. Soo “ Re- 
fractories,” § (42). 

Carborundum, Chemical and Physical 
Properties. See “ Refractories,” § (M). 

' “Cascade” Furnace: a graphite resistance 
furnace, built on tho cascarle principle 
described by Northrupp. See “ Furnaces 
for Laboratory Use,” § (3). 

Case-hardening : production of an outer 
layer of hardenorl, highly carlxinised steel on 
an article of soft stetl. See “ Iron-carbon 
Alloys,” § (13) ; ‘‘ Metals, Thermal and 

Mechanical Treatment of,” § (12) ; “ Steels, 

** Special,” § (45). 

Cast Iron. See “ Iron-carbon Alloys,” § (15). 


1 • 

Cast Steel, strintun' of. Se<» “Iron- 
carlxm Alloy s,“ ji (S). 

Traiisformatirin to forged hUdI by met hauu al 
tn'atiiunt. S<‘c dnd. § (K). 

Casting, dilh rcnccs m stnictun* and physical 
proiDiticH Induccn ouU-r and inner 
]M)itions of. Stx- “Metals, Thermal and 
Mc(hani<al 'rn-atment of," K (3). 

INuirmg molten metal int-o mouldR, allowing 
it to cotil, then o|x-ning the moulds and ro- 
lUu. ing the linishcfi < aBtmg. See ibid. (((2). 

Casting Allots, See “ Aluminium Alloys,” 
§( 2 ). 

(’athodk Ray Furnace. S<d “ Fumticel for 

I.als)ratory Urn-,” § (8). 

Cementation of Stf.ei.. See “ Iron-carlxm 
Alloys,” M13). • 

Cementite. See “ Iron-carlxm Alloys,” § (fl). 
Excess absorlHsl by austoniU' in cost stoel. 
Sec ibid. § (8). 

Cementite Films in Steel: fracture caused by 
cold woA. See “ Iron -carbon Alloys,” ? (10). 

Chromium in steel. Scd “Steels, Spe^iaJ,” 
§(31). 

Chronic : a tratle name for an alloy consisting 
ensentially of nickel, chromium, and iron. 
See “ Furnaces for Lalwratory Use,” | (1); 
see also “ Alloys, Some Special,” f (2). 
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Clay Refba<;t(>riks, aurvlysos of. Soo “ Ro- ' 
fraotorioR,” § (21). 

Exjwi-nsifm of. thid. § (2ft). 

Vorortity of. Sw § (27). 

8oft(minp;-i»oint of. Soo ihtd. §§ (20), (22). 
S|K«ino j^nivitv and othor phyHieal pro- 
[Kn-tio8. §§ (2H)-(:iO). 

Strength of. S(8) ibid. §§ (22), (24). 

CuY.s, Rkkkactory, Soo “ liofractorioM,” 

§ 

l)(!ft()ecnlati(»n of. Soo ibid. J; (7). 

ElToot of boat on. S<»o ibid. § (S), 

Plast'Kiity of. S(iO ibid. § (ft). 

PoroHity of. S<>o ibid. § (9). 

Clockh, oomiKinHation of, uno of invar for. 

Soo “ Invar and Klinvar,” § (11). 

C^oiui.T in Nk'ol. S('o “ Stooh, S|M>( ial,” § (3H). 
OoHAi.T AMiin'H as magnot*4, cor.Kivi? force 
2(M) 210. So(5 “StcclN, S|K‘cial,” § (9). 

Cot.i) VV(ii{KiN(j ; pnxhu ing changos of HliaiHi 
in a niotal hy tl\o application of stroHs wlulo 
tho motal in cold. Soo “ Mid-alH, IVfoctH and 
Kailnro (»f ” § (1). 

Coi.LoinAi. SuHSTANi'Ks, fomiH produced in, 
by surfaci' ti'iixion ; investigations of 
U'jfimann and Quincki'. Soo “ Solids, The 
Aggregation of.” 

Contact Kf.sistancb Puhnack. See “ Fur- 
iiaooH for lialioratory ITse,” tj (2) {d). 

Cooi.iNo PuuvK in construction of eqiiilibriiiiu 
diagram. Soo “Alloys, ( 'on.stitution of.” 
§ (2) (in.). 

Cooi’KUiTF : a hard, non-duetilo alloy, use<l in 
tho inanufaoturo of cutting • tools. Soo 
“ Alloys, Sonic Sjiocial,” § (2). 

CoofK.fi, sources of llritish importation of. 
St'o '■ ('opiK^r, Kiloctrolytio Refining of.” 
Effect of low tomjK‘raturos on physb'al 
pro|)ortu'M of. Sw “ Stoola, Si»ooial,” 
§(4) (A) lii.i 
In stool. Sfxi /fnU § (13) 


^ COPPER, THE ELECrROLYTIC 
REFINING OF 

Thk electrolytic refining of copjior takes place 
by moans of tho ekx'trolysis of a solution 
of copper sulphate dx’tweon an anmlo of the 
raw material ami a catluKle plate on which 
the piirifitKl cop^ier is deposited, the object 
being tho production of High Conductivity 
Copper for telegraphic and general electrioal 
purposes, and the recovery of tho rare metals 
from tho crude ooppi'r. 

'The conditions governing this method of 
oo])pcr refining vary considerably, and it is 
difficult to give information to-day which will 
be of practical value to the refiner ten years 
hence. Tho reason for this is that tho raw 
material Arriving in this country over one 


decade is totally different from that of another 
decade. 

Fram 1801 to 1001, the copper sent to this 
country wa.s from tlic United States, and 
arrived in tho form of matte containing 
alxmt four hundred ounces of silver to the 
ton. There were few other impurities to 
I'ontend with, and tlic electrolysis was 
eom]>aratively simple, except that there was 
little previous cleetro-ehemical ex]X'ricncc to 
guide us. 

Fioiu 1001 to loll mo.st of tho copper 
arrived in tho form of ores and bli.sler copper 
from America, Japan, ('hih, Australia, and 
East Afiiea, and conUuned large quantities 
of bismutli and antimony, both extremely 
difficult metals to ehniinato without contami- 
nating tho cathode copjKT dining electrolysis. 

From lOll to 1021 scarcely any ores were 
imputteil, and the raw nuitonal arrived as 
bar copper, containing very httk* bismuth or 
antimony, but large quantities of arsenic, 

Tho leliner must, therefore, be prepared to 
adjust his electi-olytic plant jHTiodically to 
meet altered conditions. 

Taking a lyi>ical aiiude to-il.iy, a.ssaying 


Co[>j>cr . 

. . 07 .") jHT cent, 

Arst'iuo 

. 1 224 

Antimony 

0 r> 

Nu'kri . 

.04 

U‘ad . 

. 0 212 „ 

Iron 

. . truce, 

Silver . , 

. . 10 11 /, |)er ton, 

Golil . 

. . 3 dwUs „ 


the arsenic content does not appear to bo 
very exei'ssive, but in a ]>lant having an out- 
put of one hundred ton.s ]>er week cajwcity, 
there would Im' 8170 grains of arsenic jxr 
gallon in tho electrolyte at tho end of twelve 
moiiths’ workmg, provided all the arsenic went 
into solurion, whereios an anseruc content of 
.2000 grains ^xr gallon i.s found in practice to 
bo tho limit for tho production of puni copper. 
Fortunately, a largo prop<irtion of the arstmic 
remains in the arsenic state with the insoluble 
rosuluos, but a considerable quantity goes mto 
solution os arsenious acid. 

T’he usual arsenic content of the electrolyto 
is loOO grams per gallon after six months’ 
working. When the arsenic content of the 
electrolyto exceeds 3000 grains to tho gallon, 
the conductivity of tho electrolytic copper 
de^wsited may fall os low as 91 ixr cent, and 
groat additional ex^xinse is cntailoil in the 
subsequent treatment of tho copper in tho 
wiro-lwr furnaces. The same trouble occurs 
when the bismuth content exceeds 300 grains 
per gallon. 

A ]X)rtion of the electrolyte should, there- 
fore, be removed daily, and fresh solution 
added. 

§ (1) Preparation of ANabKs.— The chief 
point to decide is, how much refining of the 
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coppor shall carrietl out in the anode 
furnace, and how nuioli shall be left to 
elect rolysw. 

The anod(5 Hhould < (Ttiinly have a ininiinuni 
copper content of 07 |Xjr cent, for the pun*r 
the unodo the gnMter tlio jarain both pnictically 
and financially to the manufactim’*r. Anodes 
aastiying aa low ah 07 per cent copjx‘r will bo 
found dithcult to cast satisfactorily. They 
will disintegrate unevenly in the dc|> 08 iting 
vabs, the wrap will run up to 30 i)er cent, 
and the electrolyte will Ix'oonio foul in a verj 
short time. Then, ag.un, the resistance of 
the circuit is greatly increased by the prissence 
of exccssno rjuantities of nickel, ontimona, 
and anw'tiic in the anodes. Tho smelter, 
thcix'foro, should deliver anodes of 98 per cent 
cop)HT to the electrolytic plant if [Mtssible. If 
impurities such as nu kel and antimony are 
left in the anod(‘, they will form .in iiisoliihle 
coating on tho siirfaco id tho anmle, and k'haac 
as a partially msohihlo anode, n>l>bing the 
clectn>lyto of its copp<*r content, and offering 
a high n*sistaii(u to the elect no curn'nt. 
Then, again, Homo pns ipitat'S are very much 
more bulky than others, and unless am]>le 
clearaiico h.is Ix'en allowed for U twcon the 
electrodes and the bott^un of tiio \ats, short* 
circuiting will ciisuo lieforo the elcLtrodes arc 
worked out. 

Witli a fairly pure aiUKle tho E..M.F. of a 
cell will 1)0 only 0 2 volt; when'as with an 
impure anode, as much ;is four times the 
voltage may l>o rcijuircd, 'I his may be 
partially counteracted by incnawd tom|K*m* 
turo of tlu; cleetrol\te and tho aiMition of 
sulphuric acitl, but not entirely. 

If tho electrolyte could conveniently be 
maintained at 130 degrees R, it woiikl Ih^ 
found that the >limcs loavo the surhico of 
the anode and fall to the iKittorn of tlie vat, 
therchy materially icducing tho resistance of 
tho cells. In practice, however, a lenipera- 
turc of 105°' IS rarely exceeded, and this causes 
no iliscomfort to those engaged in working the 
pnK'oss. 

The dimensions of tiie plates vary consider* 
ahly according to tho system used in the 
rclincry. 

§ (2) Dkpositixu — The vats may lx- 

arrang/'d either in scries or pirallcl. 

If the scries 8yst<‘ni is uwxi, slate vats 2 
inches thick, 0 feet 6 inches long, 3 feet wide, 
and 2 feet deep, arc lined with a composition 
consisting of pitcli, resin, and plaster of Paris, 
in the following pro])ortions, viz. : pitch 7 
parts (by volume), rcsin 4 parts, plaster of 
Paris 2. The pitch is Jjrst melted, tho resin 
then a<l<letl, and finally the plaster of Paris 
sprinkled on tho surface, and the whole stiired 
for an hour. When the f<»am has subsided, 
the oomjiosition is laded into buckets, and the 
bottom of the vat is lined inches thick. 


Tho negative connection, conswling of tajic 
copjier 2 Uuhes wide by |ith inch thick, is then 
phu'cd in jMisiiion. and wooden frames wliite* 
w'aMKnl on the inner Kule arc placed around 
tlie 8nh‘s and ends 2 inches fixmi the nlalc, 
and all j<*ints IIIK'd with a putty couHi&ting 
of cliiuu-duy and tar. 'J'he sides ami ends 
are tiu n slnwly cast ko as not to crack tho hlato 
by sudocn leut ng. . tw'cnty*four hours, 
tho ca^llllg h/i.s wt haid, ntid the W(K>den 
frames arc nuio.cd. If the hmewash is 
thoriuighly iliv btlorc casliim, it will leave 
tho hnmg without adla'ring. Tlu' lining is 
now ironed, ami is good for several years at 
any temperaturc up to 1 It) ilegrci'S F. with 
occasional ironing iiml }>atching with tho 
comjioMtion when leakages tK'cur ul the joints. 
The lic*bolts of the \a1 should U‘ left slack 
during casting to rllow for < v^MiUhion, and 
scicwi'd up when the casting Ix^giiis to c<m)1 . 
It is UHii.il to till the slut<' grooves with nnl 
lead and oil wlu-n electing tlii' \ats. 

Tho negative conductor (nee Fig. 1), sup. 
jxirtcd at the f<w)t hy a glass block C, is now 



denned, and the catbodo ]»la1os laid on 
wooden sivars along tlu' bottom of the vat. 
Al)OVc this the calico filter w stietrlx d to re- 
(cive tl'c iuholublo lajHidiies, and then alternate 
rows of I I itcs and filters for ten rcws. 'I’he top 
row of plites is tliK kiT than the mlcrniedinfe 
rows, and on this niw the jxipjtive connection 
plate n'sts as shown in Fig. 2. 'riio j)!aU*8 arc 



2 feet 10 inches long, 9 inches witle, and |th 
inch thick, and weigh 38 fiounrls each, so 
that the vat, when fully jjacked, contains 
about 30 cwt». of (sipjMir. 

If the multiple or parallel system is used, 
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load-linod wnotk-n vats aro employed of any 
convonictit dimonHionB, usually alx>ut 5 feet 
lonj,', 2 foct 3 mkIk'S wide, and 3 feet 0 inches 
deep, and anodes 3 feet by 2 feet hanging 
fn)rn tlui [kwiIivc condiictorH. 

On the senes system, tho plant is usually 
split up into units, earh unit takmg 2r>() 
arnp<‘rea at 10() to 120 volts. 'Fho reverse 
side of each anode arts as a cathode, and must 
Ix) coated with sorno “stripping” material 
to onahlo tlie cathode copjier to be removed 
from tlie uiulis-solved anode. Tho nature of 
this insulation niateri-dly alTects th(5 nature 
of the cathode copiier, us will lie pointed out 
later on. 

On tho paridh'l or multiple system, tho 
current usually range's from 15(K) to 2000 
amjM'res and r)0 v«>ltK. Tho electrodes aro 
crude anodes and pure shwit copper cathodes 
8UHjx>nded alteu’uately ahuig tho cfunlucb^rs, 
with a H|)aee of 2 inches tectween each plate 
(see Fig. 3). In tliis ease no coating mattirial 



is necessary, as tho cathode shoots become 
onilK’dded in the cathode. 

Both systems have their ail vantages and 
disadvantivgos, but after tifO'cn years’ working 
on each, tlio writer recommends the pirallel 
or multiple system. 

Tho disailvantages of tho series system are 
high E.M.K of the citxndt with thb attendant 
liability to current leakage through tho cir- 
culating pipes anil eartli, the inconvenience of 
lUtch'linod slate tanks, and tho tedious process 
of stripping tho scrap from the cathodes ; on the 
other hand, the low cost of repairs h) tho 
goiierutrirs and tho small s('^j.'tion of the cop|)er 
conductors are favourulde factors. The dis- 
advantagevs of tho jwrallel system aro the 
manufacture of cathmle sheota, the large 
cross-section of tlie conductors, and tho heavy 
repairs to tho brush -gear of tho ^generators, 
but on this system lead-lined vats may be 
used, and lietter insulation of tho vats is 
therohy ensured. 

The output per B.T.U. is tho same in both 
oasos. 

§ (3) Er*RrTHOi.yTK.-— The electrolyte should 
contain 3 per cent of copjxsr and 15 per cent 
of free sulpliurio acid. The usual method of 


making up the stilution on a commercial scale 
is to dissolve blue-stone crystals in water 
until a uniform density of 10 Beaum6 is 
obtained, then adding sulphuric acid until 
the solution has attained a density of 20 
Boaunu'* (cold). Tins method saves time in 
calculating the volume of suljdiuiio acid of 
didorent strength required to give a 15 ix;r 
cent content, and since tho acid received from 
vitriol makers varies considerably from day 
to day, is one to Ix'nr in mind. 

Tho electrolyte Is then heated by means of 
load steam-coils (usually exhaust steam from 
engines Ix^ing used), and freely circulated for 
twelve hours Indore switching on tlie current. 
Tho density of tho elect loly to should never 
exceed 20 Bi'aumc (31 'rwaddcll) at 1 10 
degree's F., otherwise the insoluble slimes will 
float al)out m the vats and become em- 
Ix'ddcd in the cathode copper. 

VV’iu'n nickel is present in the anode, there 
Is a grc.ii tondcncy for^ tho clcetrolyte to 
bi'come sticky owing to tho ])rcHenee of nickel 
sulphate as well as copjX'r siilphati' in solution. 

The electrolyte slmuld Ik* tested for copjxT 
every moniiiig by the cyanide method, and 
for aeul by a sl.indard soda solution (titration). 

Owing to the impurities ])resent in the 
anodes, the cop[>er eonU'iit will lx? found to 
fall each day, and a small (jiiantity of hlue- 
stono must be added to kec]) up the rcquinsl 
strtMigth. 

{Sulphuric acid must also added periodic- 
ally. Taken over a ]K'nod of twenty-five 
years, tho quantity of acid works out at one 
ton for e\ery twenty tons of eopix'r deposited. 

Tho rati' of iireidation of thi' clcetrolyte 
must not be less than one gallon jier minute, 
and tho eleetmlyto in each vat sliould be 
* completely changed once every five hours. 
Pumping the clcetrolyte to the supply eigtoms, 
which twenty years ago gave so much liouble, 

I is now a simple matter since tlie advent of 
I acid - resisting centrifugal pumps, and by 
moans of clookw'ork deviee.s or wi rm-gearing 
the vplumo of liquid jmssing tlirough the 
circuit may be regulated to a nicety. 

§ (4) VVoRKrNO TitK Vats. — A newly packed 
vat will offer a higli ix'sistance to the current for 
twenty-four hours owing to the low tempera- 
ture of tho electrodes, but when thc.so have 
reached tho temperature of the clcc.trolyte, 
tho resistance will lie found normal. On 
starting off a completely now circuit, it is 
advisable to keep tho current density down to 
ten amperes per square foot and gradually 
increase this to 15-20 amfis. Flashing the 
cathodes with a higjj current as is done in 
electroplating must never bo practised in the 
electrolytic refining of cnide anodes, otherwise, 
the first coating of copper will bp loose and 
may float about in tho electrolyte, and cause 
a rough nodular deposit for the remainder of 




'^riod during# which the v&li aiv* in 
operatioa. 

If the anodes are f inch in thickneea, the vats 
will be rwwly to be emptied after twenty-one 
days’ working, when the catlnxies arc removed 
by the overhead travelling crane and w'aahed 
in situ, and the rich 8lin>es flushcHl through 
the outlet pipe on to a sjjecially constnicted 
filter, for suljsefjucnt drying and copper 
extraction. ' 

Each individual vat aliould l)c tcstiMl with 
a delicate vc*ltineter twice dailv in onlor to 
detect any sliort • circuiting betwwn the 
eltHdroclea, and an ammeter should U* tixiKl 
at the end of each row of vata to tmsuro tlie 
current being equally diatributi'd through the 
circuit. 

RKSiDUEa. —The insoluble residues from the 
anodes contain roughly, 

Cop}x*r . . . . ir» J)er cent, 

Arw'fito . . . 8 „ 

Antimony • • ■ .10 „ 

Nicki'l . . . i „ 

Lead . . . 2 

in addition to the silver and gold, wliich vary 
considerably. 

Tho treatment of thes<5 residues Ls t<K) large 
a subject to include under this he^iding, and 
is really a pundy chemical ojKTation usually 
carntxl out by siher or bullion ivfiners 

It 18 usual to i^iss the n'siducs through a 
Dehno tiller press fitted with w^hkIcu fraincK 
and hra.HS vreens, and caU'ine the cakes at a 
low tcm|)erat\iiv so ;ui (o oxulfw' the metallic 
copper and cuprous oxide to the cupnc state, 
and dissolve out tho copjX'r in agitators littetl 
with metallic copjMjr shec'ts Uj pn-vent tho 
silver going into solution. The msidues are 
then (Intnl and marketed 

§ (6) Weight of Klf.(trolyti.’ C orrER fkr 
B.T.U. --Tho weight of electrolytic (op|)er 
deposiletl yxjr Board of Traile unit varies with 
Jtlio degree of imyiunty in tho anotle, the in- 
ternal resistance of tho vats, and the drop of 
the voltage Ijotween tho generators and tho 
vats. Under ba<l management tho output 
may bo as low as 4-5 pounds of electrolytic 
copper per unit, and under good management 
may lie as high as 9 pounds per B.T.U. 

Taking the 6gure on a thirty years’ run, 
during which awurate figures have been kept 
and over one himdred thousand tons of 
copper deposited, the output during the first 
twenty years worked out at thirteen tons of 
electrolytic copper per E.H.P. year, against 
fifteen tons per E.iLp. year during the last 
ten years. 

The increased cflficiencf of the latter period 
is partly due to greater skill cm the part of 
tile workmen engaged in testing the vats, and 
partly due to purer anodes being used. 
Twenty years ago it was a daily occurrence 


to find at loaat one pitch-lined wooden vat 
on file through slMirt-circuitiiig, whoreaa aueh 
a thing is unheard of D-day, because vata are 
no-v raisi'd well alx>ve the door level, leakagea 
can at once lx* delet^Unl, yxireelain insulaDrs 
nn* ('OAily procurable at a low figure, and better 
eirt .dating systems for tlie electrolyte have 
lx‘en ado pie* 1. 

§ (0; i'<ASER Svi ''’-Y.—Whctlier jwwer is 
obtaineii from a pubh supply or generated on 
tho s}x»t w sin ply a matter of convenience. 
By taj>ping » jniblic supply, the inconvenient 
slopjMigos f*ir boiler - cleaning and general 
' rt'purs are ob\ lafial, uml floor sjMiee is saved 
' where ground rents are high, but the coat 
of power is practically tho same in both 
I cas<*s, taking deprei'Uition and reyiairs into 
' cousulcratem 

, § (7) CAriTAL RKgriREi).— Owing D the largo 
' amount of moimy Icnknl up in an electrolytic 
, plant of any sm*, it is iin|)ortant that the 
' highest }x>ssiblc current density jx‘r square 
' f<H*t slumid Is* maintained, and this can only 
! U' ihuu* Willi good an(Hlcs. 

I Tla* men who cast the anodes should bo 
I piul aciotding to the weight of scrap, other- 
] wise there is no incentixe t*) lade the ]>lates 
i umf«>nnly, and a rtaluetion of an much os 
1 1 (» jHT cent in the weight of scrap can be 
elTe<u<Hl in this manner. 

'I'aking a jilant with an output of 100 tons 
jx'r week, «»r TiOOO Ions jkt yea^, wo have (KK) 
tons of dead st*»ck at .ay £100 |)er ton, equal , 
to inten*st nl the rate of 12s, iH^r Dn of 
copjKT dop*>MU‘d. The interest in this ease 
j is «*quivalent to the cost of the whole of the 
jKiwer us<*d in depositing the copjxT. With 
a little extra care, tl«* same 1500 tons of dead 
Ht<M'k may lx* made D jiroduce 0000 tons of 
copjier instead of 5000 tons, and if the value 
of the prei'ious metals, electrolyte, and stand- 
ing charg«*8 are included, the uitercst will be 
still gr«‘ater, an‘l tliero is no reason why a 
i current density of 25 amperes jxt square 
foot shouM not be maintained it-gukrly. 
j § (H) Asgoes, — I.argc anmles may save 
labour in fwu king the vats, but they are most 
wasteful in jiractiee, and they should never 
exeeeii 3 feet by ^ feet, otherwise they can- 
I not lx? cast evenly, and they will not dis- 
! mtegrate uniformly* in the vats. The writer 
\ prefers plates half this sfee for economical 
I working. 

1 On the multiple system, the size and 
, smoothness of the anodes is not nearly so 
im|X)rtant as on the senes system, because the 
I anodes are attacked by the current fitjra both 
j sides, and any protuberances present on the 
- surface are eaten away before, or more quickly 
: than, the remainiler of the plate owing to 
i their being nearer D the cathode sheet; but 
! where the electrodes are arranged in series in 
I the vats, and each electrode acts as an anode 
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cathode, the back of the anode ahould be 
smooth and coated with some “stripping?” 
material for subacquontly separating; the 
cathode from the remains of the undissolved 
anode. The path of the current, also, Is not 
directly from anodo to cathode, and there is 
always {;roatt'r action on tho edges of the 
plati'H than in tho centre, with tho result that 
a portion of tlio copjKT which has l)een 
iloposited on tho odges of tho cathode is 
redisHolvod and redeposited with wasUdul 
results. And again, if there are pit-holes in 
the hack of tho anode, those will l)o n*[>roduced 
in tho cathode, and trouble with tho stripping 
will result. 

§ (9) AnniTTON Auknts anh Stuippino Ma- 
TKRlAi.s. — Much has been written on the sub- 
ject of “ A<lditioa Agents to the lClcctrolyt«%” 
more especially for electroplating, whore tho 
metal dejmsited is teipiired to ltK> very smooth 
and tough, 'rhis is of little im|sirtiinoo when 
tho dejKisited metal is t<» Im melted down for 
wire-bars, but at the Siimo time a good homo. 
geneouH tough cathode is iK'tter for handling 
than a hnttle oru', distinctly letter for shearing 
when cut cathodes are wanted for brass - 
foumlers, and as a rule a tough cathode is 
found to 1 k) purer than a brittle one. 'I’lus 
does not necessarily follow, ns may Ihi proved 
by coating a cop|K'r sheet with animal blood. 
If cop|Mir 1)0 deiK)site<l on this half an iiuh 
in thickness, il will Ih) so brittle that it may 
bo broken liotweon the lingers, although it is 
perfectly pure, 

l<\)r about ten years the writer use<l hot 
paraffin wax os a stripping medium for tho 
series system, and obtained good strong 
cathodes all the time. Over another iieritxl 
when tho price of wax made its use prohibitive, 
stearino jnelt('d and dissolved in benzine was 
used, and tho samo .strong cathodes wore 
oht.ained. SuUsi'queutly a mixtvm' of carlxm 
and paraffin was adopte<l. which reduced tho 
cost of stripping 50 ix'r cent, but made tho 
cathodes very brittle indwl though still 
pun*. 

This, however, was not entirely duo to the 
receiving surface. A high curnait density 
was Iwing employed in all three insUinces, 
similar anodes wcNro licing iiefined, and sulise- 
quent ex])criincnts diselosod the fact that, 
with [xaraffin wax' or stearine on the plates, 
a portion of these was mechanically suspended 
in tho electrolyte with lienofieial results, and, 
by adding stearine to the electrolyte, carbon 
might still be ustnl as the strippi-ig medium, 
and strong cathode copper lie de|X)8ited. 

The same lienoficial results may be obtained 
by using gelatine in small quantities, but a 
2.ewt. drum of stearino placed in the supply 
oistt'm will slowly dissolve and give the 
requisite amount of grease to produce tough 
cathodes. Graphite, on the other hand, tends 


to produce a spiky deposit similar to the drum 
of a musical box. 

Any violent disturbance of tlio electrolyte 
causes tho tree- like formation so often found 
on a largo plant. 

§ (10) Automatic Syphons. — In order 
to prevent short-circuiting from vat to- vat 
through the circulation pijies, it is advisable 
to fix an automatic syphon \ h)x on c.ach vat, 
which will quickly empty itself when the 
liquor rises to a certain height, and so break 
the connection. 

§ (11) Filterinc}.— If tho electrolyte cannot 
lie conveniently tiltorcd in its passage to and 
from tho vats, largo settling vats should be 
provided to catch particles of organic matter 
and other insoluble substances which might 
otherwise Ixicome mechanically embedded in 
tho cathodes. 

In describing tho series system above, the 
use of calico filters ladwi'en each row of 
ck'ctrodos is only necessary where the plates 
are jMicked horizontally m the vats, as in 
“.Smith’s process,” When tho plates are 
suspended vertically, and each plate acts as 
an anodo/catluide, no filters are needed, but 
the horizontal arrangement gives a smoother 
(hqiosit, and the tendency towards short- 
(ircuitmg is greatly reduced. Tho acidity of 
the electrolyte may also Ix) varied between 
9 jK'r cent and 15 })or cent, and tlie copjier 
cort<*nt from U |)er cent to fi |H‘r cent. 

C'onsidering the fart that eK*et roly tic refining 
of co]>jK‘r has l)oen jiraetised in this country 
for over thirty years, if is surprising that so 
few improvenu'iits liave bi'en made in the 
easting of the anodes, reduction in the weight 
of scrap, and output jkt Hoard of Trade unit. 

H. E. D. 


(’upper Ai-i.oys. .See ” Metals. Thermal and 
Mechanical Treatment of,” § (1). 

Copper - ALUMINIUM : a light alloy. See 
” Alloy .Systems, Typical,” § (4) ; “ Alu- 
minium Alloys,” § (2) (ii.) ; also “Alloys, 
Some .S))ecial,” § (1) (iv.). 

Copper-aluminium Alloy.s, mechanical pro- 
fiertios of. See “ Alloy Systems, Typical,” 
§ (4), Table III. 

(’0PPER-/»LUMINIUM-MAGNF.S1UM AlLOYS. See 
“Alloy Systems, Typical,” § (22). 

COPPKR-ALUMINTUM-MANOANESE AlLOYS. See 
“ Alloy Systems, Typical,” § (23). 

Copper-aluminium -TIN Alloys. See “Alloy 
Systems, Typieal,” § (20). 

Copper-aluminium-zinc Alloys. See “Alloy 
Systems, Typieal,” § (21). 
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CorPKR MANCAXEMR Alu)V 8. See “ Allo)* j 
Svbtoins, § (10). 

Copi'ER-NUKKL Ai.Li)\8. Spo “Alloy SyH- i 
leniK, Typical,” § (<1) ; “ Alltij's, Soino j 
^ (1) (v.) ! 

MiH luiincal pn)|K rtu‘s of. See ” Alloy i 
Systoiurt, Tyjiuiil,” § {(>). { 

COT’PKK NU hFI.-ZlNC Al.I.OYS. St't' “All^'V I 
iSvHtcjns, Typical,” ' 

(Xii'PER-PHosi'Mours Amoys. See “Ail(*y j 
Systems, Typical,” § (l.’l). 

Copper Rkfivino, .\r>niTiuN Ar.ENT*^ is. ; 

S<'c ‘‘ ('upjK'r, l*'l(‘< trolytic Hcruiiiiji of,” § (U). , 
Copper-tin Aei.oys, S<'e “ A 1103- S^’stcniH, ! 
T\ pical, ' (:{). i 

Mcchatiual pro|M'rtic« of. S<m‘ thui. ^ (:i). 
Table II 

Ci>PPKK 7.iN(’ .Aiioys. S<*<‘ “ Allojr Sv'.'itcms, 
1\ ^ (2) ; 
•McchaiiK al pro|K>^li»'s of. S<*o thid. § (2). j 
'I'ablc I ‘ j 

Copper zis'c- via MiMi M • a liiihi alloy. 

” .\luiiumum Alloys.,” § (2) (i }. I 

(!oppkr-zin< -TIN .\i.iovs. StMi “Alloy Sya- i 
ti'iiiH, 'rypu al,” 1} ( lU) J 

Ckvoks in Ktocl ah a result of lulonial atress. j 
S<y' ” IroM-cai boil .Mlovs,” ^ (II) , 

“ C’ltiTic VI. ” li.M MiNATioN, obtainiMl when a I 
shaijilv fo('usso<l aitifojiuitu oi apo< bro ' 
inatic iin ijjio of a uniform vtunc of lielif h , 
tbrnwn u[ion a HUifa«c undei mi<tos<opif 
p.xaminatioii. Sis* “Koiip-'-mI Li^rlitiiii; ” , ! 
” .Mf'tals, Microscopic K.vaimnation of.” (0). ; 
('uriTHEFS H*R liVHORVTOUV WoRK. StV' j 
“ lipfra* tones,” Ji ( lo). j 

Chystai, IUii.dino i.n Metvi,.s. S^h- “.Metals 
ami Alloys, Miero-striK ture of,” § (b) ; 
also “ Crystallograpliv,” § (M). Vol. IV\ j 
(?ry.stali.i>’E Character t»F .Mktmx Ss* ' 
“Metab and Alloys, Micro-.structure of,” 

§ (2). ‘ I 


Ck\ TALLIN K ('ONDITION of (wo met4ll« 

wilidifyiuix from a mutual liquid solution. 
S<'i' •• .MeULs and Alloys, Micro structure 
‘•1. ’ § 

Crvstviiim: (Irvins. S<io “Metals and 

A’loys Micro iructurc of.” {} (."i). 

(‘kv.stai 1 im, Mh'i vu S'c “ Metals. The Hela- 
iioiis >f Miaei and ”(nutim\” i} (2). 

CuY.sTvn.i.M. \ VTPUE of Mktals. Sco 

” Mi'tals and Ar..»vs, -Mu ro- struct uh' of,” 

§( 2 ). 

Crvstvi.i.inl STRrnrnE, clmiii.'pH of. in a 
metal See •• Metals ami Alloys, Miero- 
slrm tun* cd,” ^ (o). 

Of nearlv pim* ircui. Sih' thul tj (It). 

Crvstvii.isation of Steel, mtordiujt to 
itelauov Si'o “ Iroii-carlsin .\l!o\s,” H (S). 

CuvKTVLs lu two metals “ soluble m the solid.” 
S<'e “Metals ami Alloys, Micro stnu turc 
of. (b). 

Outuanl ^lowtb <*f. from a nuelcus in a 
(oolmjt iua,-.h of metal. Se<‘ ihiii. § (1). 

(’ry.siaus, Solciulitv of Smali-, eomjiaia- 
livi'lv yn*alA‘r than tliat of larjiP. Sts^ 

“ Sidids, 'I'lu* l-’low' ot. ' 

Cl KRLNT Density hi <'op|KT <•lce( roly sis. 

Si'O “ CopisT, F.leetrolytie lletimM^ of,” 

(4) and (7). • 

CfRVK Thvcer, Hnarlev. Sou “ .Meljvis, 
Thermal Stmly of,” (b). " 

CrTi.i.KV Stii Ls : larbon k14h1s suitably 
hardened and l/em|s n il to ^nve iha re(|mred 
bardnch-,, the “stamle.sh” pi(>|S‘rlv Immii^t 
obtained by the addition of aliout 14 0 jKT 
<ent eliroimum . anahsis. See “ SO-els, 
SjKuial,” (47) (III ), 'I'able 17 

Cl n iNo • Tooi>, allovs useil ill the riiariu- 
fmdure of. S<s* “Allovs, Some SjK'Hal,” 

§ (” 

CvAswioi, l*uoiir('TioN OK. Slu “ Fur- 
mMM*8, Khatrie,” § (10). 


) — 


DftoKEEs OF Freedom m a system of alloys. 
See “ Allovs, CoTmtitiituui of," § (1) (iii.). 

Dent’s Krror : an error of a clironometer, dis- 
cov'cred by Dent, eomfiensakNl bj' use of a 
s])ecial alloy. Sec “ Invar and Klinvar,” 
§( 12 ). 

Deville Fprn ace. Sec % Fumaec.s for Lalior- 
atory Use*,” § (12). 

Differential Method of RonERTs-ArsTEx 

FOR OBTAINING THERMAL CCRVES. Scc 

“ Metals, Thorraal Study of,” § (7). 


Dilatation of Iron. See “ Iron-carbon 
Alloys,” $ Cl). 

Dilatation < iv Steew. So<‘ " Sbiels, S[K‘cial,” 
5: («). . 

Direct Arc Furnace : an are furnace in 
which the arc is Htmck ls*tweon an elect 
and the charge. Sen* “ Fuma.ce8, Klectric,” 
§ (2) (I.). 

Divabiakt System or Aluiyh, example of. 
Sec “ Alloyg, ('onatitution of,” § (1) (iv.). 



DROP-FORGmO-FORGmO 


DBOP'FoiKjrNG j pro««ing metftl into the 
UtMired final »liapo from rolled bare or 
nhoetH, usually while hot. See “ Metals, 
Thermal and Mechanical Treatment of,” 

8 (»). 

— I 

KLECTnu'AL (.'oMDUPTiviTY, OH a means of 
intorpretinv; changes takinf;^ place in steel 
with varyiuf? coinpoHitiou and heat 
treatment. See ” Steels, Special,” § (ll). 
In relation to cornpositions of alloys. See 
” Alloys, The Relationship of Structure 
and Rhysieal ('onstants,” § (2), 

Kr.KCTRODKS, eom|)osition ami manufacture 
of. Se(5 ” Kii maces, Klectru;,” § (il) (ii.). 

KLKPTitoi.YTit’ J*oTKNTiAt. ill relation to 
compositions of alloys. Se<^ “ Alloys. The 
Relationship of Structure and IMiysical 
Constants.” § (7). 

Elkothomotivk-kokck, measurement of 
thermal. See ” Mi'tals, Thermal Study of,” 

§ (4). 

Ei.kptkon Tiikouv in relation to thermal 
conductivity of stet'ls. See “ Sb'cls, 
Sliecial,” § (10). 

Ei.F.oTKoi'i.ATiNo : applying' a coatini? of metal 
t<» an object liy nu'ans of <‘lectrolysis. See 
” Mi'tals, Ih'fects and Kailuro of,” § (0). 

Ki.imvar. See ” Invar and Elinvar,” §§ (1) 
and (1*1). 

EguiLiHUnm Divokam of binary alloys. See 
“ Metals and Alloys, Micro-structure of,” 

§ Oh 

For a w'ries of alloys. Si^o “ Alloys, Constitu- 
tion of.” 


Duralumin ; an alloy^ of aluminium, con- 
taining in a typical analysis 4 per cent of 
copptir, 1 per cent of manganese, and 0-6 
per cent of magnesium. See “Aluminium 
Alloys,’! (7). 


Limitations of. See § (S). 

Microscopic examination for constructing. 
See ibui. § (2) (ii.). 

Of iron-carbon system. See ” Iron-carbon 
Alloys,” § (7). 

Thermal method for constructing. See 
“Alloys, Constitution of,” § (2) (i.). 

Uses of. See ibid. (8). 

Etciiino : subjecting the polished surface of a 
metal or alloy to the action of a suitable 
n'agent in order to develop its constitutional 
and crystalline structure. See “ Metals, 
Microscopic F^xamination of,” § (2). 

FuTF.f’Tic of a binary system. See “ Metals 
and Alloys, Micro structure of,” § (7). 

Eutkctk^ Alloys, See “ Metals and Alloys, 
Micro-structure of,” § (7). 

Eutkctiff.rou.s Alloy, behaviour during 
cooling and soliditication. See “ Metals and 
Alloys, MuTo-.structure of.” § (7). 

Exi'ANsroN OK Steels. See “ Steels, Special,” 

§ {<>). 

Extrusion : forcing metal which is usually 
heated, under high jirt'ssure, through an 
a]x>rture of the shaja' to l>c produced. See 
“ Metals, Thermal and Mechanical Treat- 
ment of,” Ji (8). 


F - 


Fkrritk. S(hi'‘ Iron-carbon Alloys,” § (2). 
Ex(' 08 H absorlied by austenite in cast sUnd. 
See ibid. § (8). 

Fp.RUoatLU’ON, furnace for manufacture of. 
See “ Furnaces, Electric',” § (4) (iii.). 

«> 

Fire Crack ino may occur when a liar or 
slab of metal is put into the annealing 
furnace aftor too light a reduction process. 
See “ Metals, 'riicrmal and Mechanical 
Tri'atment of,” 8 (b). , 

Fireclay Articles, drying of * See “ Re- 
, fractories,” § (17b 
Coating of. ibid. § (11) (iii.b 
Firing of. See ibid. § (I8b 
Manufacture of See ibid. § (11). 

Moulding. See ibid. § (17) (i.). 

Pressing. See ibid. § (11) (ii.) 


Flame Temperature of a Bunsen Burner. 
See “ Furnaces for Laboratory l^ae,” § (9). 

F’oam-celi.s, formed by the eutectic in the 
aolidification of a mixture of two metals, 
Qumcke’s hypothesis of. See “ Solids, The 
Aggregation of” 

Focussed Lioiitinq, obtained when a sharply 
focusaed achromatic or apochroraatio image 
of a uniform source of light is thrown upon 
a surface under microscopic examination. 
See “ Critical Illumination ” ; “ Metals, 

Microscopic Examination of,” § (6). 

Forged Steel* mechanical treatment of See 
“ Iron -carbon Alloys,” § (9). 

Forging : shaping and working metal by 
hammering, at elevated temperatures. Sm 
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TbernuJ and Mechanical Treat- 
ment of,” § (5). 

Fobuiku^, Lahoe. AiialyHia ; mechanical 
properties. See ” Steels, Special,” § (4(1) 
(ill.), Tables U, 12, 13. 

Fbactukb Path m metals. See ” Metals, The 
Relations of Strain and Structun\” § (4). 

FURNACES, ELECTRIC 

§(1)Genek\l Pkopertiks.-- The extremely 
high tomi>eratureH which can l )0 rtwhiy oh- 
tained by electrical means naturally suggest 
that source of heat energy for various pro- 
ceases winch rwjuire the attainment of tern- 
|)eraturea ajiproaching or even cxceeilmg the 
maximum altainahlo by the combustion of 
fuel. The earlier us<*8 of electric furnaces acre 
thercfori* naturally conlinwl t^» pmccfws of 
this kind ; hut with the development of the 
oloctnc furnace it Jias Ikn'ii fdund that, for 
various reasons, electricity is a niori' c<‘onoinicnl 
and convenient source of heat than the com- 
bustion of fuel in pr'occ•^s^•s where temjM'ratun*H 
by no meiinH excessively high are rtspureil. An 
example of this use of electric heating m metal- 
lurgical work at relatively low' tem|><’rature is 
found in apparatus which arc sometimes classcil 
as electric furnaces, hut which will not Is' 
included in tins article, vu. tli<»sc us(sl in the 
electrolysis of fuse<l electrolytes. In such 
cases it IS obviously more' ei'oruimieal and 
convenient to use a fKirtioii of (he electric 
energy in the form of heat for fusing the 
cloctrelyte, the n'liiaiiulcr crtciting the electro- 
lytic reaction. 

In the eleetric furnace prosier there is nothing 
in the work performed in it which demands the 
use of electricity as such. The work is simply 
a kind which requires heat, and the source 
of that heat is electrical, either liccauso the 
temperature required is so high that it is not 
possible ti attain it economically by other 
sources of heat, or because, even th<)iigh the 
actual cost of the heat units pnxluctsl eloctnc- 
ally is greater than that i»f heat units supplied 
by combustion, the saving in other costs, 
such, for c.xample, as lalxiur, is mi great as 
to counterbalance the higher coat of electrical 
heat. 

The unit of electric pow'er or rate of genera- 
tion of energy is the watt, but since even 
relatively small electric furnaces have con- 


able in any ©iretrie furnace can be ealoulated 
from the following erjujition : 

1 kilowatt hour ^ WK) calories. 

To g'^nerate this amount of heat by means id 
oom’^'uslion of fu<*l would r(H|uire alsiut 120 
grama (4-2 of a gixid bituminous w>al 

or '80 gmi.is ^2-8 ounces) of fuel oil. This 
would at tii^t sight m.dve it ap{H‘ur that the 
electrical general ion d heat is enormously 
expensive and th.it it (H)uld haixlly coinjvte 
with the methods deiamding on the eomhustion 
of fuel. Thus if coal cost sixty shillings [ler 
ton the cost of 880 calories geiieratetl by its 
combustion would 1 h‘ 0-085 |H<nny. and it is 
j only under somewhat exceptional cireum- 
I stances that 1 kilowatt hour can Ik' obtained 
I at that ] trice. 

I 'rheie an‘, however, other considerations 
i to Im‘ kept in mmd which show that, in sjiite 
of the high cost of the heat unit gC'iieraOd 
eltH'lncally, it is cheajHT to heat in that way ^ 
Ix'cause the electrically generated heat can 
aceomphsh the work in \icw' with a far 
smaller number of heat units than fuel, and 
iH'caiise III some casi-s the work can only bo 
done practically by ch‘ctric heat. 

For example, it has Unm estimated that in 
certain w'ork nsjumng the application of heat 
the thermal efticiency in a fuel-fmsl funiaeo 
IS so low that only 8 ja-r ceAt of the heat 
generated is umd m doing (he work mpiireil, 
while the remainder is exjK'ndcd wiislcfully. * 
If, 111 im electric furnace doing the same w'ork, 

80 i>er cent of the heat generated is usefully 
employed and only 20 f>er cent wuhUhI, then 
taking the figures use<i for illustraticm above, 
the amount of eoal rei^uired to generate 800 
calories of u.seful heat would Ik* 2-4 kilograms 
(0 3 [MiuridK) and would cost 1 7 iience, while 
the electriial energy n'qiimd would lie only 
1-25 kilowatt liours. 

The nlativcly high elTiciencv of electric 
fumaccM . 1 -* compared with fuel-fiiwi fumacci 
may la* explaineil as follows : 

In a fuel-fired furnace, for example one 
burning , carls >n in some form, the carlsm 
combmes with oxygen and in so doing generates 
a quantity of heat which raises the n*Hulting 
carbon monoxide gas to a high te mperature. 
The heat in this gas is then transferred by 
conduction or radiation to the funiacc charge. 
When the difference between the hot gases 
of combustion and the furnace charge is very 


giderable capacity, the unit of fxiwer generally : great, this*h#at transference is very rapid ; 
employe<i is the kilowatt (1000 watts) and i but as the charge approaches the temperature 
the unit of energy the kilowatt hour. In of the hot gases the rat* of flow of heat is less, 
measuring the heat imiU supplied to an j and there is no longer a transfer of heat whA 
electric furnace, the large calorie, i.e. the the temperatures of the charge and the gases 
quantity of heat required U) raise I kilogram of combustion are the same. It follows, 
of water T Centigrede, is used. One British therefore, that the gases of combustion must 
Thermal Unit (B.T.U.) is equivalent to 0-262 always leave the funtiaoe at a t*m|)erature 
calorie (large). The quantity of heat avail- not less than that of the charge, and, in general. 
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at a much higher tomperature. Hence large 
quantitioH of heat leave the furnace with these 
gases without doing useful work. While enor- 
mously high teni[)eratures can bo theoretically 
obtaimnl by combustion of fuel in practice, 
those arc somewhat lowered by the low pro- 
portion of oxygen in air, the nitrogen present 
taking up a considerable quantity of the 
gonerati’d heat and, of course, carrying it 
off fr»»rn tho furnace. 

In the case of the electric funiace, however, 
conditions are different. Here the heat is 
(ieriviid from tho electric curi’ont, and if it 
is generated, as it may be, in the furnace 
charge it will ail l>c transferreil to the charge, 
none lanng carrit'il olT wastefully a.s in the 
case of th(' combustion of fuel. 

Hupp(»se, for example, that a piece of 
platinum wire is to 1x5 melted electrically. 
The quantity of energy r(‘<|uired to melt 
the platinum wall be the calorics required 
to raise its t4mi|»erature to the melting |)(»int, 
plus the caloiies rtspiired by tho latent heat 
of fusil m, plus tho .hi'at lo.st by conduction 
and radiation. If, now, a small current of 
electricity is pa.ssed through the wire tho 
temperature will bo raisoil, until tho rate at 
which heat is tost halances tho rate at which 
it is gimorated by tlii^ current. If, however, 
the current i.s incnvisod so that the rate of 
gonoration of i'liorgy is meroa.sod, a point will 
(inally bo roacliod wlioro the wire melia. Now 
• it will readily bo seen that if tho rate of 
generation of energy is sulhouaitly inerea.sed 
tho wire will he instantly melted, so that there 
is an almost inappreeiahlo loss of oneigy hy 
radiation and eonduetion. f'onsoqiumtiv very 
nearly all tho energy generated is usefully 
employi'd in melting the platinum, and tho 
thermal etlicieney of tho proco.s.s is nearly 
100 per cent. 

On the other hand, if tho platinum wire is 
to 1)0 meltoil by the combustion of fuel with 
air, the method is bound to be very iueflieiont, 
for the melting-|ioint of platinum is 17.“)0" (\. 
and by the oomhustion of fuel in air a maximum 
tomperaturo of about 20()(f 0, is all that can 
bo obtained. Hence the heating is bound to 
be alow, and there is very great waste as tho 
temperature of tho wdre approaches its melting- 
point. 

The limit of temperature of the electric 
fumaco as usually employeil is that of the 
electric arc, alH>ut llbOtP (\ Theoretically 
higher tem|>eratures than this con be obtained 
by the coiubuatiou of fuel ; but not, so far, 
in a practical way, so that tho limit of tenipera- 
Uires practically attainable in the fuel fumaoe 
is probably below 2000*’ C. Hence certain 
products can only be obtained in tho electric 
fumaoe liocause of the very high temperatures 
readily obtained in that apparatus. 

Finally, quite apart from conriderations 


as to cost of heating and to temperatures 
attainable, the electric furnace has the great 
advantage of generating heat by a method 
that {lennits of much more j)erfect control 
of the temperature and tho atmosphere in 
which the heating is carried on than can be 
realised in fucl-hoatod furnaces. 

§f2) Tn 1'K.s of KruvACEs, -Electric furnaces 
for metallurgical wrirk may be divided into 
two main divisions; (1) Arc Furnaces, (2) 
Resistance Furnaces. In the former division 
heat IS generated by an electric arc and tho 
various fiimnci's may be classed under two 
subdivisions, (ri) direct arc, (/>) indirect arc. 
In tho case of (n) the arc is formed lietwecn 
an electrode or electrodes and the charge or 
material under treatment. In (h) the arc is 
formed Ixstween two or more electrodes and 
heats the charge by radiatif)n. In many 
funijioes which are usually Iwted under (a) 
we actually have a comhinaiion of arc and 
resistance heat. This is particularly the case 
in so-called “smothered arc” furnaces, where 
the heat is generated in part by the arc 
and in part by tlie resistance of the charge. 
Indeed, during the actual working of the 
furnace the an' may at times be wholly sup- 
pressed, so that the furnace is really a n^sistanco 
furnace. Division 2 may be .subdivided into 
funiaces where the charge forms the resi.stor 
ami furnace.s m which the resistor is a separate 
substance, the heat being convoyed to the 
charge by radiation or conduction or con- 
vection. 

'J'hc accompan\ing (iguri's show' in diagrams 
the principles of the various kinds of furnaces 
iiscil in mctallurgif'al work. 

(i.) Direct .Ire Fvrnneen, - -In I'lij. 1 is shown 
a furnace of tho direct arc type. It represents 



Fio. 1. 


a vertical section through the furnace body B 
The crucible or rca(».‘ion chamber containing 
the charge M has a refractory lining L, and a 
cover C. The current from the source I) is 
brought into the furnace by the electrodes Ej 
and Ej, The latter is built into the bottom 
of the furnace and is in contact witii the charge 
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M; the other electrode, Kj, ia movable and I 
paases through the cover 0. It can be lowered j 
80 aa to make w^ntact with the charge, ami 
tiien on withdrawing an arc in formed between j 
the charge and the electrode. It ia obvious 
that tliij furnace may lx* constructed with two 
or more ehx’trodea connecU'd in panilh*!. 

In Fifj. 2 Hi .dmwn another important bum 
of (iiriH.'t arc funiace. Here there is no lM>ltoin 



the radiation fu>m the arc. This fmtiuce may 
W adaptid U> thrt'tophase currents by utdng 
three eleetnxlea. 

(It) -<Uinc€ Furmtfc^. It is obvious 
that the furiuce of the form diown in f »!/. 1* 
m.iy 1 h‘ uhihI as a resistance furnace, for if the 
charge M lu»s a higli ix'Kistance the chs’tnale b, 
instead of Inang above (he I'hai'ge, will Ix' 
pluiigtd in il. and lli licat will be ile\elo|KHl 
m the tbai,:e U^i au-a- •{ its ivsisUmoe to the 
])assage *<1* the ii ircnt 

In Fuj. 4 IS shown a \ertKal longitudinal 
MM'tioii of a rcsistaiiee furnace in which the 


electrode, but the current in hrouirht in by 
two movable elcitroiles 1C, and bj wlinb 
pass tbioiigb the (o\er An arc i*' foinunl 
lietwcen OK'b of these and th<‘ fiirnur 
charge*. A furnaee <'f this kind is <i<laptahl<‘ 
for three-pha''C eiinent when ihiee moiahk* 
electroiles jiassmg through the <i»ver are 
iisisl, one pli.i'ie being <‘onnctt4*d to <‘ach elc<*- 
trode. In this cu e the tr.in-formers may Is* 
either star or ilelta ( oin-ei ted. Sometimes 
when the star connection is n^sl the hearth of 
the furnace is used to form a fourth eltH tnale 
cornu et<*d to the m*utral of the Miurce , hut 
of course in hucIi a ease •.vhen the load is 
l)alanee<l no current flows through this 
electrode, 

(ii.) Indirert Arc Furnace-i - In Fi'f. .'I is 
shown a vertical section of an indirect are 



i Mo ». 

' heat IS mainly gcncMh-d in a itKist«»r which is 
. imt the eh.iigi* itM-lf. ’l'h<‘ Iwslf of the fiirnaw 
1 iH in the foini id a l>ox 11 built of hnek with 
' or without a Imiiig L and l onlaining the charge* 
M. d’lu* cleMiodcs 1C, and K, arc built into 
* the cm! walls of the furnace and arc cl(*(*tn(*Hlly 
' eomusted with one aiothcr by th<* resistor R. 

' Thc(.uucnt jiaKsing Ihrouyh the rcHistor raises 
; it to a high tcinperatuic and the heat is con- 
I \eynl to the (barge by condudion. 

I In Fuj. U is shown the coiislruction of a 
j furna(.c in which the heat is gcnr'rated in u 





resistor as in F\j. 4, but is ((inveyed to the 
charge by railiation from the resistor. 

In all the furnaces hitherto considered the 
current is supplied cither directly from a 


furnace. Here the arc is formed lietween the 
electrodes Ej and E, and heats the charge by 
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generator or from tmnsformers ; but in Fig. fi 
is shown a resistance furnace which is itself a 
transformer. The body B of this furnace is 



in the form of a ring composed of a refractory 
non-conductor and containing a trough with 
lining L, this trough being filled with thf 
conducting charge M. (anked in the ring is 
a magnetic circuit 1, and wound on this ein uit 
is the primary coil I* conneided t-o the source 
of current U. Thus this fumaci^ is a trans- 
former in which the si'condary circuit consists 
of the charge. 

(iv.) Pinch Kj'feit. - -When an electric current 
passing through a liquid resistor exceeds a 
certain amount we get what has heiui called 
the “ pinch jihenoinenon *’ hy Hcring, w ho 
desorihcs it as fcdlows : 

“ When the current density in a liquid 
♦conductor in an o[K'n channel is incrcasi'd 
sufhciontly, the conductor will lie found to 
contract in cross-section. . . . I'liis ciuitrac- 
tion rcscmhles the depression in plastii; 
material that has been pinidied between the 
fingers . . . the writer termed it the ‘ pinch 
phenomenon ’ for want of a better name” (1). 

If the licpiid conductor is contained in a 
suitably arranged tube, however, the effect 
is to cause a strong circulation of the liquid. 



which is made use of in a furnace designed 
by Hering and shown tiiagramraatically in 
F\g% 7. Her© the two electrodes Ej and E, 
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are lat the bottom of two tubes and <T, 
respei'tively, which nj>en into the main part 
of the furnace containing the charge. The 
result of passing a current at high density 
through the liquid material contained in the 
tubes is to cause a strong rush of liquid out 
of the tube along the central axis, while liquid 
is drawn in at the periiilieral part of the tube 
opening, 

15 (;i) Fi nxACE Materials, (i.) Kefradories. 
— In the construction of electric furnaces the 
refracbiry materials used for the furnace 
body, linings, covers, etc., are similar to those 
employed in nictaUiirgical work as carried on 
in fuel - fired furnaces ; but owing to the 
dilTcrcnt construction of the furnaces the 
problems presented aie ofUm not the same. 
Owing to the very high temiieratures at 
which electric furnaces work, the strain on 
refractory matcnals is often more severe 
than that in fuel furnaces ; hut, on the other 
hand, m many casi's, in ispitc of the much 
higher temperatures, the refractory problem is 
Hinijiliiicd bi'cause the maximum temperatures 
are produced in the maU'rial which is being 
treated, and the lining or body of the furnace 
i.s never subjected to excessive temperatures. 
Foitunately, too, the clecinc furnace itself 
ha.s produceil new refractories which have 
proved vabiablt*, such as silicon carbide, 
aluminium nitride, “ alundum ” (fused alu- 
mina), fuHi'd magnesia, etc. 

(ii.) EkclrodeK. - -An important accessory of 
most elect 1 1 C fiiniuccs is the electrode. Elec- 
trodes ill general arc made of sumo form of 
carlKin. 'J'ho carbon electrode may ho made 
of petroleum coke bonded with tar or jiitch, 
mouldiMl, and baked m a kiln. This kind of 
electrode is suitable up to sizes of about 6 inches 
in diameter, hut for electrodes of greater 
cross-section the best raw material appears to 
1 m 3 retort carbon or calcined anthracite coal. 
The anthracite is usually mixed with a certain 
amount of jietroleum coke, and pitch is used 
as a binding material. Another form of 
carbon electrode is made of grapliite. This 
elect Hide is first made of petroleum ctvke, as 
described above, and is then put in an electric 
funiaco and heated to a temperature at which 
the carbon is completely converteil into 
grajihite. The graphitised electrode made in 
this way has a resistivity approximately 26 
per cent of that of the ortlinarj^ electrode. 

The electrodes of electric furnaces are 
connected to the source of current by means 
of copfier usually, though occasionally alu- 
minium busbars are used. Where the elec- 
trodes are movable, c flexible copper cables 
arc connected to the electrodes by means 
of suitable clamps which make contact. 
These, in the case of large furnaces, are 
frequently water-cooled. In smull furnaces 
where the electrodes are movable the motion 
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b effected by hand-operated machines ; but 
in larger furnaces these are driven by electric 
motors, and in many modem furnaces the 
regulation of the electrodes is effected auU>- 
matically. 

(iii.) Transformers. — Electric furnaces are 
wcasionally conncttid directly with the gener- j 
ator, but generally current is supplied at high ; 
voltage and is transfomied to the furnace volt- I 
age. Transformers for electric furnace work, 
particularly m the case of large furnaces, are 
of special design ns they arc apt to undergo 
verj’ severe usage, and consequently 8|)ecial 
attention has to be paid to the bracing of 
the colls. Moreover, it is found that when i 
electric furnaces of the tyjK* uw<i, for example, j 
in the manufacture of sp-cl an* on the same j 
circuit with other ust‘rs much trouble is j 
found with voltage regulation, and toovcn<une 
this a high inheicnt reactance is necessary in 
the furruue tninsft)rmer. 

(i\.) ]’oltafje Jiefiuhitors. ^ In the case of 
certain furnaces of the resistance type, which 
require for their working constant power, it is ^ 
necessary to have some means of varying the 
voltage at the funmcc P'rmmals so as to com- i 
pensatc for the variation in the resistance of j 
the resistor. Thi.s may l)c done in vanous 
' ways. For exainjih', the jinmaiy' c<iils of the 
transformer sujipKmg the current to the j 
funiace are pn»VKlc(l with a si'ries of taps, 
and, by connecting the cables from the 8our<*e , 
of higii-vollage current to diffcicnt taps, the ' 
ratio of transformation is changed, thus \arv' | 
ing the voltage of the secondary coils of the 
tmnsfoniuT. The terminals of the secondary | 
coils of the tninsforiner arc; also brought out 
and means provided for connecting these in 
suitable combinations, s<?rieH or jiarallel, so 
as to get different voltages on the busbars 
going to the furnaces. 

Another methoil of varying the voltage is 
by means of induction volUige regulabuT*. 
This kind of regulator is provided with a j 
stationary priinaiy wound in a slotted fichi i 
and a secondary in the form of a drum-Hha|H*d i 
core which can Im‘ rotatcrl with reference to i 
the primarj’. Thus, by adjusting the relative 
position of the coils in series and in shunt j 
with the circuit the phase relations between | 
the circuit voltages are varied and the voltage j 
on the busbars of the furnace is adjusted. j 

Sometimes a combination of these methods , 
is used, the voltage being varied in a series | 
of steps by means of taps brought out fnnn • 
the primary of the transformer, while between j 
steps the voltage is regulated by means of the j 
induction regulator. * j 

§ (4) Metallurgical Furnaces. — The : 
electric furnaces used in metallurgical work j 
present a large number of forms, so large that j 
it would be impossible to consider nearly all , 
of them in the limits of the present article; ' 
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therefore, a few oxamnles will lie chosen for 
the pur]K»se of illustrating the application of 
the diffeient tyjies of furnace dcjM.'rilHHl above, 

(i.) Iron Ore Ralurlion Futnaas. In 
reduemg iron from its ores, the n'ducing 
agtnt 18 carbon, which, at high temjKuaturt's, 
combines with the oxygen of the iron oxide 
in the ore according U\ the following etjuat ion, 
w'liich appluw in the c ’.st> of a hematite ore : 

Fcjt >, I ‘C-2Fe + 3(’(). 

In carrjung out this rt^aclion energy is 
absf wiled, and in the blast funiace the heat 
energy is suppluKl by the eomhustion of 
carbon. In onler, thenfort*, to supply this 
energy the tarlKHi, wliuh must Ik* niixixl 
with the ore in eariyiiig out the proeess, 
must 1 r* eiuisiderabiy in excess of that roquintl 
for reduemg the iron oxide, (his e\c<*ss, by its 
eombustion in the air lilast, supplying the heat 
energy necesKary for the mution. lii the 
elt*ctnc funiace, hi>wever, the i arhon rtHpim'd 
w merely that newlcHl for ixkI action j>lus (he 
small amount iiicIikUhI in the iron as graphite 
or iron larhide, the heat energy necessary 
lieiiig generatc<l by the electnc currt*nt. 
Pig-mu) has Ikhii produei-il in eoiisideiahle 
(juantity m a furnace itf the kind shown in 
Fuj. 1 and gen(*mlly known ns the Siemens 
funiace, having Ikk'H pati'iited by him in 1K7II 
(2). Siemens invented this furnace especially 
for melting metals, hut it is oiu* of the sinqili^st , 
electric furnaces for a groat \iuiety of metal- 
lurgical operations. 

(II.) lierttuU Furnaer. A t\pical fiimaco 
for the re<luclion of iron on* was designed by 
Heroult for experiment made in KKMi for the 
('anadian (luveniment m Sault Sto. Mario (3). 
The funiaee consistctl of o cylindneiil easing 
’ inch thick. The casing was mafic in two 
seolums each 4K inches in diameter and together 
giving a dejith of aliout TOmehes. Itwas bolted 
to a cii‘\ilar iron plate in which were cast a 
number of in»n rods which projecU'fl veriieally 
inside the casing. I'hese rods wen* for the 
pur]s>8e of making good contact with a 
carbon paste, ma<lo of a mixture of coke and 
tar or pitch which was rammtKl into the biwer 
parts of the fiiniaw, thus forming one clec- 
tnslo, corres(K)ndmg to E* in Ftg. 1. A 
projection from the iron pfaU* served to make 
cfjntact with one of the cables carrying the 
electric current. The iron casing was linwl 
with fire-brick corresponding to H in Ftg. 1.. 
There was fio other Iming. An opening was 
made in the casing and the bnck lining, at 
the level to which the (arlwin bottom was 
rammed, to serve as a tap-hole. The fumaoa 
had no cover. The Ifi-inch-square movable 
electrode (E,. Ftg. 2) was suspendf^l from a 
truck travelling on two I lieams above the 
furnace and pnivided with pulleys over which 
the chain suspension passed and wenj to a 
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winch hy means of which the electrode could 
bo raised or lowered. 

The current for the furnace was supplied 
from a single-phase transformer of 225 kilowatt 
capacity, 2201) volt primary, 50 volt secondary. 

In working this furnace the ore and coke, or 
charcoal and limestone, shoukl bo crushed to 
pieces about I inch diameter and mixed. The 
current is started with the furnace empty 
except for a little crushed coke m the bottom, 
electrode K, being lowered till it touches this 
and an arc is formed. I’hon the mixture is 
fed into the furnace until it is full. The power 
is regulatoil liy raising or lowering the electrode, 
and as tlic charge sinks down in the furnace 
more mixture is charged and from time bi 
time the pig-iron is tapped, 'riiero is con- 
siderable variation in the amount of energy 
ooiHumed in making a ton (2240 pounds) of 
pig-iron m a furnace of this kind, but a fair 
average is 2250 kilowatt hours (3000 horse- 
power hours). 

In modern practice this furnace is not u.sod 
for the manufacture of pig-iron for various 
reasons, one of thi' most important being that 
it does not loud itself to large-scale working. 

It will readily bo soon that to make a furnace of 
tliis kind of large capacity w’ould retpiire the 
use of a movablo elootrodo of an altogether 
impracticable size. Nevortholess, for certain 
processes the Turnaco is o( great practical 
importance; for example, in the mamif.icturo 
of phosphorus. When phosphate rock, which 
is a calcium phosphate, is hoatod with (5arbon 
and silica, the former reduces the oxide of ! 
pliosphorus and the latter combines w’lth the 
lime to form a tluiil slag of calcium silicate. 
The phos[)horus is vaporivsed and can be drawn 
off and condensed. When used for this pur- 
pose the furnace has a cover and the idoctrode 
passes through a stutUng-box of some kind 
which makes the furnace gas-tight. Thnuigh 
a suitable o|)ening the phosphorus vapour is 
conducted to a condonsi'r. 

It should bo noted that the furnace may 
be either of the aiv or rt'sistanco type and is 
Hoiiietimes describiKl as a smothered arc 
furnace. Thus, when starting it is simply an 
arc furnace, but when it is lilled with charge 
the end of the movablo *dectrode is buruHl 
and the furnace mi<y act purely a.s a resistance 
furnace in which the resistor is the molten or 
semi-molt^u charge. In the manufacture of a 
ferro-alloy like ferrotitanium the fumaco at 
the start is an arc furnace ; than after the 
funiaeo is fully charged it works, in part at 
any rate, as a rosisbinco fumaco ; hut before 
trapping it again works as an arc furnace. 
This is necessary because the molten ferro- 
titanium must bo heated to on extremely 
high temperature in order that it may be 
suooessfully tapped. 

A fumaoe of this type is used for the 


manufacture of various other materials, such aa 
ferrochromium, calcium carbide, feirotungsten, 
ferromolybdenum, etc., and in a modified form 
IS used for the manufacture of steel ; but for 
reasons already mentioned the design has dis- 
advantages for furnaces of larger size. For 
example, in the manufacture of fcrrosilicon a 
more suitable furnace is that shown in Fig. 2. 

(ill.) Ferro silicon Furnace. — There are 
two methods of making ferrosiUcon : (1) a 
mixture of iron oxide, .silica, and some form 
of carbon ic heated in the electric furnace, 
the carbon reducing the iron oxide to iron 
and the silica to silicon, which, combining 
with the iron, forms fcrrosilicon , (2) a mix- 
ture of scrap iron or steel, silica, and earUm 
IS heated m the electric furnace, the silicon 
when reduced alloying with the iron to form 
ferrosilicon. Usually the sec^ond method is 
employed because much less electrical energy 
IS required to melt the scrap iron or steel than 
to reduce iron from ore, and the costs of the 
energy used for reduction, labour, etc., are 
usually more than the cost of the si raj). 

An actual furnace for the nianufacturo of 
fenoHihcon, and having a eajiacity of 700 kilo- 
watts, luvs a steel casing of approximately 
elliptical form, 0 feet long and 5 feet wide, 
bolted to a steel plate which forms a bottom. 
The lining of the vertical part of the easing is 
silica brick and that of the bottom is a carbon 
paste rainmed in to a tbi'-kness of about 16 
inches. At the same levi'l as the carbon 
bottom an ojiening with a spout is provided 
for ta])piug the funiace. The depth of the 
furnace from the top of the casing to the 
carbon bottom is about 32 inches. The 
carbon electrodes. 20 inches in diameter and 
7 feet long, are su.spended by cables passing 
over pulleys mounted on a steel framework 
above the furnace. 'I'ho cables arc brought 
back to winches which are run by electric 
motors. The ends of the electrodes are drilled 
to a depth of about 10 inches and threaded so 
that by means of threaded carbon nipples 
new sections of electrode may be attached 
and continuously fed into the furnai'e. The 
electrodes are carried by hinged, cast steel, 
water-cooled clamps which also serve to curry 
the cun'ent. The current is brought to the 
clamps by hollow copper pqies which also carry 
the cooling water. The current is carried to 
the cop|)er pipe-s by means of flexible copper 
cables attachetl to the busbars coming from 
the secondary windings of the transformer. 

In starting, the furnace arcs are drawn 
between a layer of small scrap iron on the 
carbon bottom of tlio furnace and the iw'o 
electrodes, these being raised or lowered so 
that the power generated in each are is the 
same. The voltage betw’een electrodes is 80, 
hence each arc is held at 40 volts and the 
total power is 700 kilowatts. A mixture of 
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scrap iron, pure cjuartz or sandstono cnishod I 
to pieces about 1 to 2 incijes in diameter, and j 
coke of (he same size, is fed into the fumaei* i 
until it 18 full. The funiaee then run-s eon- i 
tinuou»ly and is tapiKsl every tuo or three ! 
hours. The regulation of the jkmer is aut<»- ] 
rnatie, Imo regulators laung usfsl for the 
purj)o8<», one controlle<l by the current, the 
other by the arc voltage. The regulatc^rs . 
aut(uuatirally work contactors whic'h cause I 
the niotoi-8 running the winches to raise or j 
lower the elect oxles. j 

A furnace of similar construction to this is 
used for the manufacture of calcium carbide, 
forrochroinium, and other material?. It will ■ 
be observed, however, that while the furnace 
just de.sciilM*d has considerable advantages . 
over the Siemens single electrmie ty(M*, it has 
the disadvantage of requiring a Hingle-phase ! 
currt'iit. Most modern electric power stations 
supplv thrtH'-phase current and the unbalanc- j 
ing of load caused Jiy a s'ligle-pha^e furnace is 
objectionable. 'I'lie ty|)e of furnace just de- ; 
sciiiusl can r(*<ulily 1 h' <I esigno<l for threc-jdiase 
cm rent. For example, a furnace f<u- the manu- 
facture of fcrresilicon is constructed in the same 
way a.s that just de8cribe<l except that the steel 
casiriL' is made larger so as to accoinnuMlute 
three electrode.s instead of two, each of these j 
being connected to one phase of the three-phase 
current supjilied from delta-connected tians- 
fonnerii. Th(‘ voltage between jiha.ses is 70 , 
volts, which gives approximately 40 volts on 
eacli aic, the furnace, ot course, Isung m star 
when running normally. Furnaces up to 
5(j()0 kilowatts and even more arc < oust lucteil 
in this way for the manufacture of ferrosilicon ; 
but, of Course, in .such casc-s much larger 
electrodes than 20 mchc.s m diameter are 
u.sed, ami there aix' modi Heat ions in hohlers, 
etc., too numerous to desenbe. Furnaies of 
this kind have also been used ff>r the manu- 
facture of ferromaiiganc.se, calcium carbide, 
etc. In the case of furnace nmning on three- 
pha.se current the regulation of the power is 
effected by jireserving a constant current of 
the same amjK'ragi' in each pha.se. 

(iv.) Three-phase Furnace. — In the large 
modem furnaces used for ])ig-iron manu- 
facture, a three-phase current is used and 
the construction of the furnaces is very 
much modified. In the first place, the fur- 
nace is of the shaft type, something like a 
blast furnace, but not nearly so high, the 
charge being fetl in at the top, while the 
elei'trodes are near the liottom of the shaft 1 
ami arc arranged in a circle 120 degrees apart. 
The electrodes do not eitter the furnace verti- 
cally, but at an angle to the vertical so as to , 
clear the shaft clown which the charge travels, j 
The idea of this arrangement is to utilise the 
heat and the carbon monoxide gas coming i 
from the main reaction zone, so that conditions * 
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»m somewhat similar to those in a blast furnace 
(4). The electrical cojiacities of these large 
units are from 2(KX1 to 70(K> kilowatts. 

So fui as the simltmg of iron ores in the 
eleetn<’ furnace for tlie ju'oduction of jiig-iron 
IS com-erned, if is only m \ery sjHxial oin um- 
stances that it can conijade with the blast 
fumw'e. rhe pnm ipal condition invoKeti is 
relativf'lv io,s cost i electric energy as com- 
pared witli c< ke A catx'ful study made by 
Jlarlxirxl sr'vei.d Neam ago showisl that if the 
ratio of the Cost of electin' cncigy ]x*r lionw'- 
power year to the cost of coke per ton was as 
10 to 7, then ehxtne fumaee pig-iroii would 
Cost approximat<'ly the same as the blast 
furnace product (5) ; hut sm h gient diungcw 
have taken place since that time m costs of 
lalxmr and materials (hat these figures prob- 
ably do not rej»rest*nt what would now be 
true. 

On the other hand, in the manufacture of 
such maU rials as fcrrosilu on coiitammg more 
than 15 per cent silicon, feiroclirome, fciro- 
titaniiini, calcium carbide, ami other matiTials 
made in (he furnaces descnla'd, it would la* 
either enormously expensive or altogether 
mi|M)gaible to produce them exeejit in the 
electric furnace. 

(v.) Steel Furnaces. — While steel is a 
material wlmh can la* readily made in various 
forms of fuel-hris] furnaces, *1 he use of the 
electric funiace has imrcasc*d inoririoiisly m, 
rccMit >cars, not only because' in many eases 
it IS cheaper to manufaitiire in this way, hut 
Ix'oauw' of th<* higher ipiahty of the juoduet. 
The fuel-tired furnaces usc'd for Mee) iiianu- 
faeture arc* the ( im ihlc*, f»jK'n hearth, and 
HesM'iner. The crmihle funiace might be 
described as a simple melting jina'css, as tbere 
is little or no opportunity to refine or purify 
the steel. The thermal elhc iency of irunhle 
fumnoes is low and the* (rucihles, which have 
a vcr\ sh(;rt life, are a very serious item in 
the niaioifaetuniig cost. 'J'lius it is that the 
crucible juocess is (he one which finds the 
severest coinjx'tition from the electne funiace. 

In the ojan-hc'arth funiace, wlmdi has a 
much higher tliermni efliciemy than the 
crucible fun aee, the steel is rc*fincd, but even 
here under cerUm conditions and for certain 
grades of steel the electric funiaco has great 
advantages. In the first ]>lacc, the thermal 
efficiency of the regcmerativc ojeen -hearth 
furnaces probably does not exceed 20 to 30 
per cent, while m the electric furnace efficiencies 
of GO to per cent and jK-rhaps even higher 
can be reocherl. Secondly, there is ft lietter 
contrcjl of refining conditions and oonae- 
quently the production of a sufienor material. 

As regartU the Bessemer furn.ace, there is, 
of course, no comparison to I>e made as regards 
thermal efficiency ; but the refining which can 
be done in the Bessemer process is limi|te(L 
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Finally, it may be noted that even where 
the 0 [>on-henrth or Beasenier procesH is used 
it is often found to be advantageous to transfer 
the hot metal from those to electric furnaces 
for final treatment. 

Several of the different types of electric 
furnaces are U8e<l for steel manufacture. The 
Siemens furnace of the kind shown in Fig. 1 
is used for steel- making, but has to be modified 
somewhat for that purpose. It would not 
be possible to use as the liottorn electrode Kj 
any form of carbon, for this would be taken 
up by the steel ; accordingly the bottom is : 
formed of magnesia made by calcining 1 
magnesite, the natural form of nuignesiuin I 
carbonate. 'Phis material when heated to 
a high temperature is a fairly good conductor 
of electricity and forms the lower electnxle of 
the furnace. In the case of the Keller eleetric 
stool furnace the current, when the furna<;o is 
cold, is carried through the liottom by means 
of a number of steel rods whieh make eontaet 
with the bottom plate of the steel easing. 
In the (Jirod furnace heavy steel electrod(« 
project from the bottom plate and pass through 
the magnesite lining. More than one movable 
oloetrode (Kj in Fig. 1) may be us<‘d, these 
being, of course, connected in parallel. 

Tlie Horoult steel furnace is perhaps the 



, built for u.se with a three phase curnml and I 
oonscfiuontly has throe electrodes, one con- 
nected to each jiliase of the circuit. A 
description of a l5 ton furnace of this kind, as 
used in the South Ohioago works of the United 
States Steel Corporation, will give an idea of 
this important apparatus. 

The furnace rests, by means of a floating 
pinion riveted to its shell, on a sUitionary 
rack 8 fei't 9 inches long, whieh is fastened to 
the concrete foundations raised almut 5 feet 
above ground level. 'Pho arc of the floating 
pinion has a radius of 10 feet and allo\\a the 
tilting of the furnace to a maximum of about 
29'’ from the horizontal. The tilting of the | 
funiace is effected by moans of a hydraulic I 
ram. The ^losition of the centre of gravity 
is adjusted b() that the furnace always temls 
to come back to the horizoistal jiosition. 

The furnace shell* is made of plates of steel, 

1 inch thick, riveted together. In a plan 
view the shell fonns a circle. 13 feet 6 inches 
in diameter, with flattemnl portions at opposite 
ends of a diameter passing from Ihe front to 
the back. The bottom of the shell is also of 
steel, and the whole casing is lined with 
magnesite brick to a thickness of 4| inches in 
the bottom and 18 inches on the sides. The 
bottom of the furnace is further lined with 
calcined magnesite, the shape of the bottom 
being concave so as to form a portion of a 
sphere^having a radTus of about 7 feet. There 


are five doors in the furnace, two on each 
curved side and one on the flattened front 
over the pouring spout. 

The roof of the furnace is held in a movable 
ring which has a top and bottom angle iron 
to carry skew-back brick from which the 
arch springs. Three circular holes, with 
their centres on the angles of an equilateral 
triangle, are left in the roof to jiermit of the 
introduction of the electrodes. The sides of 
the tnanglc are 5 feet 2 inches in length, and 
one apex ])oint8 directly bi the boA of the 
furnace on a diameter through the centre line 
of tlie spout. 

A steel framework attached to the back of 
the furnace carries the electrode holders, which 
are closigned for electrodes 24 inches in diameter 
, and are carried by ehain.s which pass over 
pulleys to drums fastened at the back of the 
furnace. The drums aR' run by electric 
motors controlled by hand or an automatic 
ri'gulatt)!- which keeps th<* current on each 
electrode the same, thus balancing the load. 

The furnace has an » electrical capacity of 
2250 kilowatts and 110 volts between jihases ; 
but in modem practice when working with 
cold charges a higher voltage is used during 
the melting penod, and a lower voltage 
during relining. 

In working this fumaeo with hot charges^ 
molten metal from a Bessemer convertor or 
open ■ hearth furnace is poured in at the 
spout, a mixture of lime and iron oxide thrown 
into the furnace through the doors, the 
electrodes lowered, and the metal thus treated 
with an oxidising slag to remove phosphorus. 
When d(*i)hosph()rising is complete, the fur- 
nace is tilted slightly and the slag removed 
with rabbles, after whieh a reearburising 
slag is used. Lime and fluorspar is added 
and a quantity of coke dust, which reacts 
with the lime forming calcium carbide. When 
testa show that the desired grade of steel 
is obtained, the furnace is tapped by tilting 
and pouring the metal into the ladle. A 
heat of this kind lasts to 2 hours (0). 

When working on cold metal the fii-maec is 
filled w ith scrap steel and the current started 
by lowering the electrodes till they make 
contact with the charge. It is sometimes the 
practice to use a higher voltage for melting 
than for refining, and one method of doing 
this is to connect the transformer primaries 
in delta during the melting period, and in 
star during the refining period, 
j The above description illustrates the general 
I principles of electric steel-making with this 
himace, but there iflre various modifications 
both in the methods of working and in the 
furnaces. For example, in the later designs 
by the U.S. Steel Corporation, the furnaces 
are tilted for pouring about flfti axis pass- 
ing through the spout, and the tilting' is done 





by dectrio motors instead of by a hydraulic 
ram. 

(vi.) Induction Furnaces. — Another im- 
|K)rtant form of 8 Uh‘ 1 furnace doi>end8 on tlie 
principlcsf^illustrated in Fttf. 0. This furnace 
WHS inde|)endently invented by (’olby in the 
United States and Ferranti in Enjjlaml, and 
many years later was apparently reinvented 
by Kjellin in Swollen. The original furnaces 
were jnirely melting apparatus, like crucibles, 
no appreciable refining taking place. The j 
furnaces *w'ere started by putting a cast- 
iron' ring in the circular channel which is ]>ro 
videil to contain the molten metal secondary 
of the transformer. This ring is then melted j 
by the inducwl current and cold metal adilcd ! 
to the molten bath thus obtoinisl. The ■ 
metal is selected to give the desired gra<le of | 
steel, and when this is obtained the furnaie 
is tilted and the moltt'n metal cast in ing(»t 
moulds. 

F.lcctric stiH'l furnaces working on the 
induction principli^ in which n'fining can be 
carried out have Ix'cn Huccea.sfully deveh»]MMl 
by IlodenhaUHcr and others. In these fur , 
naccs, instead of using a complete ring as 
the secondary, iiart of a nng is iiseil, the ends | 
terminating m n reservoir whi(‘h forms the ; 
main bath of mf)lten metal. Thus in the ! 
Uuchhng-Hodenhauser tlircc-phase induction | 
furnace three half rings have their ends ter j 
minating m a central reservoir uhich contains ; 
the greater part of the bath of molten inctui 
In this, rdining of steel can Ih^ cameil out as 
in the electric furnace alrcaily descnlied. 

Obviously, a furnace of this kind is riioiv 
suitahle for a duplex process vhere molten 
metal is charged for refining purposes, since 
the starting of the funiaoe by melting down 
rings of cast metal is an cxi)ensi%T and trouble- 
some process. Once, however, such a furnace 
is started it can Ix', used for cold charges by 
leaving a certain percentage of the molten 
metal in the furnace when tapping, so as to 
provide a sufficient secondary electric iircuit, 
and thi'n charging cold metal. 

Fumaccs working on the induction principle 
have not been extensively uwhI, outside of 
Germany ; but in that country there have 
Iwcn very considerable developments (7>. 

(vii.) Fadiaiion Fiirwoces.— Another interest- 
ing steel furnace, although one which has not 
been extensively used, is that of Stassano. 
It works on the principle illustrated in 
Fig. 3, that is, by heat radiated from an 
electric arc or arcs, to the charge. The 
furnace consists of a cylindrical steel shell 
lined with magnesite brirk and is surmounteiJ 
with a conical roof. The axis of the fur- 
nace is inclined at T from the vertical, about 
which it rotates during the heat. A three- 
phase alternating current, 90 volts between 
phases, is used with three electrodes which 


enter the sides of the furnace through stuffing- 
boxes placeil 12(F apart on a circumfereni’e of 
the fumiuH' shell. The elcctnalcs do not ent(*r 
[ the fiiniace hori/ontally, but arc depn^astnl 
I by an angle of alxuit ir>". When thrust inb» 
the furrace (he ehvtrodes nu'ct at a jioint 
on (he axis. By suitahh* mechanical means 
the distance apart of the ends of the electnales 
can lie adjusted, thus regulating the power. 
The furnace vosiiig ih jircvhhMl with a charging 
door. 

§(rd FiHNAiiCH Foil AnuAsivus. An im- 
jiortant uw' of the electric furnace is for the 
manufacture of abrasives. There an' two 
principal knnls of abrasives pnshiced m tins 
way, one Ixing made by fusing bauxite, the 
natural ft>rm of alumina, the other by the 
formation of silicon cnrbidc, 
ti.) liiiiiritp 'riic ftUMKT IS inanufttctuivd 
in a furnace of (lie ty|H’ .shown in Fig 2, a 
good cxamjile lamig found in (he Higgins 
furnace for the manufactun' of " aluiulum,” 
one of the trade names of fum'd bauxite. The 
fimiace consists of a cGindrical stcil sluil 
wincli n'sls m a ring-shajaMl iron channel 
formeil in the inui base (»f the funiace. The 
(yliiuliical steel easing is eoohal liy waU'r 
which is spniMsl on it from a circular jujk* 
siirrouinling the top imd of the c\hndcr, anil 
the water How mg down the shell is earrnal 
off by the nng shafasl ehann^-l m which the 
casing rcsts. 'I'he iron base of the funiaie 
ciicIosihI 1>\ (he (hanmi is lined with enrhon,* 
hut the eyhndnc d stiwl casing is unhiicd. 
The funiaee rests on a tniek wlmh iims on 
the ground Hoor of the funiaee nsun and is 
charged from a j'latforrn at a level about 
half-w.iy uj) the steel cHsmg. The two elec- 
trodes are suspended from an overhead Hti*el 
stnn turc and an* eonnoeted elei tncally in 
serie**. 

In starting the funiaee the electrodes are 
lowend until arcs arc drawn lietween some 
granui i <oke in (he Isitt/om, and then ealeinwl 
bauxite in the form of powder is f(*d in. This 
jireaently fu.scs and iaxoiiies an electrical 
conductor, niun* bauxite h fed into the 
funiaee, and the elcctnaieH raised so as to 
I keep consliint jsiwer in the fimmoe, anil so 
j on until the shi-U is com|ileUiy filled. The 
1 main generation iff heat probably takes pla<>e 
' in the bath of molten bauxite conneeting the 
I two eleetrcMles, so that the furnace is rcally 
. of the resistance type. The water-eooling 
1 of the steel shell prevents the fusion of the 
I bauxite infmeduilely in contait with it, and 
j thus a relatively thin layer of iinfuswl Iiauxite 
serves aa a refracbiry insulating lining bctwejfii 
the molten charge and the shell. When the 
furnace is full the elw-trodes are lifted clear 
of it and the truck is pulled out and replaced 
by an empty one. The fused mass in the full 
furoBce soon solidities sufficiently to permit 
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of lifting ofT thn cylindrical shcll/which 
is mode slightly conical so that this can easily 
1)0 done. 

This fjroccHs is n<it purely a matter t>f fusing 
hanxit<', for a considfTahh^ amount of rcHiiirig j 
is earned out in the furnace. Ily tho mixture j 
of a certain amount of jiowdered eciko with 
the calcined bauxite, the iron oxide, silicon, 
and titanium contained in tho crude ore are 
reduced during fusion, and can afterwards bo 
separated easily in tho metallic form when 
the solidilied “ pig ” of fused bauxite is 
broken up. 

Since the* melting-point of bauxite is some- 
where about 2(XH)' ('., tins pro<-ess is one which 
must be earned out in the eleetnc funmee. 

The further preparation of the material for 
the market is similar to that usisl in the 
manufa< ture of emciy, viz, (srushing, grading, 
and making up into wheels, hones, and other 
forms. 

'I’lio manufacture of tho other artificial 
abrasive, silicon carbide, is carried out m a 
totally (lifTcrent kind of fuinacc, that con- 
Htructod on the prmeiph's illiisf rated in 
Vhj. 4 Kuniaees for the inanufa<*f ure of 
silicon carbide, which is marketed under the j 
trade names of “carborundum” and “ crys- 
tolon,” havi' capacities ranging from ofXl to 
IbOO kilowatts 

(ii.) Stlinit) J'(trhi(le -A silicon carbide 
furnace of 7od kihiwatts capacity is m the 
• form of a box built of brick with inside 
dimensions of lb feet in length, 7 feet in 
width, and 5 h'ot ti inches in ilepth, 'I'he 
ends of this brick box are permanent 
structure.s, and carry the terminals or elec- 
triHles of tho furmu'c. These are made of 
carbon in various forms, one iHiing a carbon 
electrode 24 inches in diameter built into the 
terminal wall and projecting a few inches 
from it on both sidc.s. On the outer side it is 
surrounded by a water-cooled metal clamp 
to which the cables ('arr\ing the current 111*0 
attached, 'riie sides of the bnek box an' not 
permanent structures, but are built of loose 
iiriek, since these must l>e taken d«>wn, in part 
at least, in order to unload the furnace, for 
the pnicess is discontinuous, i.e. the furnace 
is loaded, heateil for a tH'riod of ,% to 40 hours, 
then alloweil to cool-down, and unloaded 

To load the furnace the side walls of loose 


in the mixture along the centre lino of the 
furnace from one terminal to the other, 
Tho trench is to receive the so-called ‘‘ core ” 
of the furnace, in other words the resistor R, 
Fi(/. 4. The resistor is made of crushed 
metallurgical coke, (‘arefully graded so that 
the imlividual grains arc apjiroximately J; 
j inch in diameter. 'I'he trench is tilled with 
j this granular coke and then more added till 
it IS hea])ed up to a height of about 10 inches, 

I after which it is rounded off so as to form a 
' resistor in the form of a cylinder about 20 
I inches in diameter extending from one elec- 
] trode to the other. Piece.s of sheet iron are 
j sot in tho ends of tho trench a few* inches from 
tho electrodes, so that the coke resistor is 
not m contact with them. The spaces thus 
left are tilled with tiiudy powd(»red coke 
tightly rammed into place, after which tho 
pieces of shci't iron are withdrawn and tho 
pow'ilensl foke m.iki's good electrical contact 
Ix'twi'iMi the electrodes aiid^the icsistor. More 
j mixture is then thrown into the furnace and 
, till' core or resistor completely covered to a 
j depth of 2 or II feet. 

The furnace being now- ready for running, 
tho cables are connected to the elcdiode 
clamps and the current is thrown on. The 
granular coke le.sistor ha.s when cold a high 
elc<*trical resistance, hence the necessity of 
having some means i»f ii'gulating the \oItage 
at the furnace tciminals so that constant 
[ pow’cr is maintained in the furnace. One 
j of the means of accomph.shing this, described 
j above, is thcrefori' used, and the range of 
voltage for the 7.')0 kilowatt furnace is from 
i 2<K> to 7.') volts. This allows for a change of 
I rcsi.stancc from OO.a'l to 0tK)7r) ohm, a[)proxi- 
I matcly, with full power at all voltages. 

I Actually, when the furnace is built with a 
1 granular coke resistor as described, its initial 
resistance is .so high that the full power is 
not obtained even with 2t>tl volts at starting, 
so in practice a certain amount of coke which 
has been u.scd in a jirevirma heat, and which 
has a much lower i-esistivity than new coke, 
is ihsed in the resistor in order to reduce its 
initial resistance. 

The ehoimca! reaction which takes place 
in making silicon carbide is as follow s ; 

Si().,4 3C = SiC4 2CO. 


brick are first built up and the mixture thrown j Thus, soon after the current is switched on, 
in until the funiaee is about half full, so that j oarlxm monoxide gas is generated and must 
when tho mixture is lovelUHl off it reaches \ lie set alight. It is in onler to |>ermit tho 
about half-w'ay up the face of tho electrodes ; free escape of this gas that sawdust is mixed 
inside the furnace. The mixture consists of ! with the fumaee charge, since for every 1000 
stwid, coke, sawdust, and sivlt. The coke is pounds of silicon %irbide produced 1400 
ground so as to bo of approximatC'ly the same pounds of carbon monoxide gas are given off. 
degree of fineness as the sand , the sawdust The heat lasts foe from 36 to 40 hours, w'hen 
is fairly coarse, the salt in the form of fine the current is cut off and tho furnace allowed 
grains. A trench about 10 inches deep and to cool. Tho hxiso brick side w#lls are then 
semicircular in cross-section is then formed i taken down about half-way and the unchanged 
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mixturo raked off, exposing a roughly cylin - 1 
drical iiiimw of silienn carljulc stretelnng from J 
one elettrode to the other. The outer pait ' 
of thw eyhnder is a greynish-eolounHl amor- j 
phous material of somewhat variable eonv- l 
fiosttioti In the outermost lavers it eon.siats , 
of silicon carbide, apparently in an ainorpbous I 
form, intermingled with nearly unchanged , 
mixturt' ; the huers nearer to the source of 
heat show ctanfilete comei'^ion to silicon 
carbide, but have not got the charaeteristic ' 
stnieture of crystalline silicon oaibide, pn*si‘nt- 
ing the apjwa ranee of a gn'cn amorphous 
powder more or leas smtensl together. Inside 
this la\er then* is ahout 7<MHl pouml.s weight of 
erystallinc ppsluet, varying from .small needle 
like crysbvls m the outer j».uts to the huge, 
eharaeteri.stie hexagonal plates near the ; 
iX'Sistor Next the resi.stor is usually found a 
layer of graphite formed hy the deeoin posit mn 
of silicon carhide, fut when that compound 
is heated iM'yiuid a eirtain ti'iiijs'ialun* it 
dissociates, the silicon Isaiig driven <dT as 
vapour and the carhon leinaining lM‘hm«l as ■ 
grujilnte, which preserves the onginal foim of j 
the silicon caihide cry.stals, thus showing (hat ; 
these decom))ose without fusion. j 

The use of tiie electnc furnace for the 
manufactun* of silicon carhuh* is a p.irti 
(‘ularly inb*resting application, he* ans<' fiom . 
the ih‘H('rip(ion it will be sci n that the picKes> ■ 
IS one which must be (‘urricd out lietweeu j 
definite temperature Imiits. .Several interest- ! 
ing studie*- of the teiiipciatures in the siln-mi 
carbide fiiniace have been mad«* (S), I 

Determinations bv Saunders (*.)) were made . 
in a commercial silicon (‘.iibule fnrmice <if 7.V) 
kilowatts capacity. \ carlton tula* closisl at ' 
one end was built info a fuimu'e so that it j 

extended from the outside of the wall to tin* i 

resistor, and by means of a raiiiation pyrometer ' 
the (empeiature.s of a <‘arbon ilisc sliding in , 
the tube could la* ohsi'ived. From the ni- ; 
ve.stigation these results wen* ohtamed : ' 

Formation of ■' fire sand (amorphous I 

silicon carhide) la*gins at . HiOd <’ ; 

Formation of ori*stalhne silicon I 

carbide Ix'gins at ... IH40 (' , 

Decomposition of silicon carbide j 

k*gins at . . . . 224(F | 

From these results it is seen that the limits ! 
of b'mpemture k'tween whi<h erystalhne ' 
silicon 18 formed and remains stable are ! 
comparatively elo.se, aliout 4(K)” ('. difference, 1 
and that the only method of eontrollmg the j 
temperature in the caso^if a furnace of this 1 
kind is found in designing it to give the best i 
results for the particular electrical capacity j 
available. 

(iii.) Oraphxle. Fumncf. — E. Ct. Aehi.«on, who 
invented and developed the carborundum fur- • 


nace also eonmv<*d the idea of using a s*»me* 
what similar fnmaei* for the mnnufaetun* of 
giapbite and for gniplnlising ehatnales. The 
eoL.^tnutton of this binno e is similar (o that 
ustsl m making silicon caibidc. and may 
theiyfon* be illu'»tniUxl by the same diagram 
(F»;/ 4) . but actuallv the tumaix' is iliffciT'ut 
in priiieiph*. site <• the malerial (ivatisl is itself 
the ivsstor it, the ’n-ounding substance M 
being niciiU uit< mh-d for heat iiiMilation. 

When ,unor]i us eailHin is hcalvsl (o the 
highest temjs latiircs attainable m the el<‘c1rie 
furn.ua* it is l onvertiHl mlo grapliit<* ; and hence 
when elei'tnales, imuh*. ittr example, from 
|K‘tiolenm vok<* a.s alre.olv ilewrilMsI, are 
beatisl to a sulluiently high (empcraluix' they 
are completely gr.iphitise<l and, as graphite, 
posw‘.ss cerUin valuable ch.iractenNtics. Thus, 
their electrical loiidui tiv it\ is neaily four 
times as gic.if as that of the aiiioiplious 
earbon ele< tiodcs fiom whu h they wi*!*!* made ; 
then lesistniice to oxidation w li(*n heated m an 
oxidising almospheic is mcri'a.si'd ; le.sistaiice 
to «lism(cgratioM wInn iis<*d as anodes m 
certain eleitioIUic jnoccsK<*H is vi’rv much 
gM'ater than that of amorphous uiihoii 
elei’tnsles ; they an* ho much softer than 
onlm.iry (uiboii eiistiodcs that they uin 1 h' 
imuliimsl with gieat eas(>. 

'riie furnace for giaphitising cl(*cfrod(*s is 
built of various c.ipa( lilt's fn'tn kw. to 

kw. \ 7oil kw fiiinaci* is in the foim 
of a htii'k Ih>x of the Haiin' kind as that used • 
for silicon t.irbitlc, lail with mside dimensions 
a.s follows • length HO feet, wuith (5 feet, ilcjdli 

fiH't The width aiitl ihjith may he vant'tl, 
tleiM'iidii'.g u|ton the ilimcii.sionH tjf th<* elec- 
tioiles that are tt> la* giapliitiw'd. The end 
walls of the furmiei* an* pi'niiani'iit Htruetures 
a.s in tin* hiIkoii earhale fiimatt*, hnl the 
electrodes built into these terminal walls an* 
larger ami stpiaix* m t n>Ks - seel ion. The 
httttom of the funiact* is Imisl with “ l arho- 
nimluii liM* saml, ’ i / the aniftrphous 
mab'nal a inch is fournl outsifle the crv«tal)ine 
7-ono t>f tlu* siheori carbide funiaet*. d'his 
n^-prewnts the ]K'rmanent ]>ar+ of the fimiaee, 
ft»r. jnst a.s in the easi* of the silieon earhitlo 
funiaee, the sitle walls are built of loow* hnek 
which an* t,ikt*n down when the furnace is 
unloadiHl * 

The methiMl of loading the furnace de))fndg 
upfin (he kinfl of electrodes (hat are to lx: 
graphitiwil. First, suppose that eleetnKl(*s 
2 inches in diameter and 24 inches long form 
the fnmac^ charge. Then, the kdbmi of 
the furnace is first covensi with a layer of 
finely cnishwl coke ah<»ut 2b inches wide and 

1 inch thick, extending from one end of the 
furnace to the other. Jteginning at aliout 

2 inches distant fn»m one end, the eIeetro«le« 
to lx* graphitised are laid on this layer of 
coke with their largest dimension lying 
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tranuverwly to tho fumacft and in cloao contact 
with one another. On top of this another row 
of eloctro<leH w laid, and ho on, until the pile of 
oIcctrodoH in alH)ut aciven rows high. PieccH of 
Bheet iron arc w't up along tho whole length 
of tho furnaoo on each side and about 1 inch 
diHtant from the |:)ilo, and the Hpacew between 
tlie Hheet iron and the f)ilo filled with finely 
ground lioke. The top rif tho pile is alwi 
covered to a ihickncHH of I inch with tho 
coke. Tho Hide walU of the furnace are now 
built up, and the HpaeoH between them and the 
sheet iron are filled with a mixture of sand, coke, 
and HawduHt of tho Hamo com posit ion aa that 
Uftcil in making Hilicon carbide, 'fhe Mpaeoa 
between the emls of the pile <»f eleclrodcH and 
tho furnace elect roilcH an? tilled with tine coke 
tightly rammed in ho uh to make good electrical 
C’ontaet between the ends of the pile an<l tho 
cleetrodoH. Thi? pieeea of aheot iron are now 
withdrawn and the mixture of aanil, coke, 
an<l Hawduat thrown into tho fiimaee ao aa 
completely to cover the pile of (‘leidroiles with 
a eonsidi'rahlo thiekneaH of mixture. 

The heating of the furnace is carried out just 
aa in the case of the ailicon earbi<le furnace, 
and Hiinilar eleiitiieal apparatus mu.st Ik? 
employed to keep constant jiower in tho 
furnace over a wide range of resistance. .Inst 
as in the case of the silicon carbide funiace, 
the I'esistanee is at first high, but ilccreaaca, 
flrat. ovMiig'to tho heating of the carbon 
electrodes, which have a negative tomperatun' 
eoeflieieiit of cloetriial n'sistivity, and seciuid, 
owing to the conversion of tho amorphous 
carbon int(? grajihite. After the resistanee of 
the furnaeo becomes constant the graphitisa- 
tion is eomplete, the furnace is disconnected 
and allowed t<? cool down. 

When the furnace is unloaded tho general 
appearance is the same as in the case of the 
silicon carbide furnace. The unchanged niix- 
tui-o is first removed, exposing a layer of the 
gn'cnish “ tiro sand,” underneath which is 
fouml the crystalline substanoo. Next the 
pile of electrodes the silicon carbide formed 
during the earlier parts of the heat is converted 
into graphite, and tho electrodes with their 
8unx?unding jacket of finely ground coke are 
completely gnvphitised. 

In the ^imaee just descftlied tlie generation 
of heat by the jiaskage of the electno current 
occurs nearly altogether at tho points of 
contact of the individual el(H?trodes where the 
ele<?trlcal resistanee is relatively high, and not 
in the electrodes themselves. Thi? total area 
of contact is of course small, consisting os it 
^oes at most of six elements of the cylindrical 
surface of each electrode. 

In dealing with electnides of square or 
rectangular cross-section the furnace must be 
loaded in a somewhat different manner, as 
these will not give a uniform and coiutant 


contact as in the case of electrodes of circular 
cross-section. Suppose, then, it is required to 
graphitiso electrtKies 24 inches long, 6 inches 
wide, and J inch thii!k. As before, the layer 
of coke is laid on the b<?ttom of tho fur- 
nace, and on this the electrodes are laid in 
separate piles, each pile consisting of about 
25 electrodes laid one on toj? of the other 
and sejiarated fnnn adjacent piles by a space 
of 1 inch. When tho pieces of sheet iron 
are set up the finely ground coke is filled in, 
not only lietween these and the ends of the 
electrodes, but also Ix'twoen the [lib's them- 
selves. The rest of the loading of the furnace 
is as hefoi’e. In this ease nearly all of the 
heat is generati'd by tho current in the 
pfiwdered coke between the eletrtrofles, this 
having a very much higher resistivTty than 
tho electrodes themselves. 

In making hulk gra[)hite from such materials 
as anthracite coal and [M'troleiim coke, tho 
bottom of the fiimaco is formed as before of 
silicon earl)i(l(‘, hut the kidcs are jiemanent 
and ari' lined with silicon Ciirliide so as to fonn 
a trench of ri'ctangular cross-section l-)etwwn 
the furnace electrodes. This is filled with 
granular anthracite or petroleum coke accord- 
ing to the kind of gra])hite d is desired to make. 
Both of these materials have an extremely 
high resislivity, and therefore through the 
centre of the furnace chaigc a starting resistor 
IS formed by a row of overlapping carbon 
plates extending from one furnace eleetrodt? 
to tho other. The ehargi' is ('overed with tho 
sand, coke, and sawdust inixtnrt'. When tho 
enrrent is switched on, it at first is viitually 
confined to tho starting resistor, the heat 
eonduotod from whudi gra[)hitises the sur- 
rounding layers of coal or coke, and these then 
become comliictors, and so on till the whole 
mass IS heated to tho temperature of complete 
I graphitisatK'n. When cooled somewhat, the 
j furnace is unloaded by taking off the unchanged 
I mixture and tho ailicon (‘arbiclc that has been 
I formed, and then removing tho grapliitised 
I material. 

. § (H) Zinc Fi’rnace. — The pnaluction of 

! zinc in the electric funiace has always been 
: a very attractive field for oxjK'riment, because 
tho standanl methcxls of manufacture in zinc 
j retorts are relatively inefficient from a thermal 
j point of view, and retort replacements, labour, 
I etc., involve very considerable expense. In the 
I ordinary method of smelting tho carbonate or 
sulphide ores of zinc an? first roasted, then 
! mixed with a carbonaceous material such as 
j coal and heated in muffles or retorts, thus 
, reducing the zinc, which is driven off os vapour 
i and collec'ted in condensers. The retorts or 
j muffles are heated externally by coal or gas. 


and tho temperature which the charge must 
reach is probably over 1200° C., so that the 
life of the retorts is not long. Moreover^ 
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aMording to Uichanlii, the thermal eflieieney 
of the process is t>nly () H })er cent (10). While 
this is, no (li»uht, a loacr eflieieney than may 
be obtained with iK'tter furnace ih'sijjn, yrt 
any rt*tort priK'^^sa must have a far lower 
thermal eflifienoy tiian can lx* obtaiiMNi in an 
electric funiaee. 

It would Ih' imixwdile to review .all the 
electric fumacea for /.me maimficture that 
have Ixx'ii pitijioHt^l (*r aetuaily frnHl e«tui' 
incrcially, ffir this would take ahojjrthcr t«rt> 
much apace. However, it may lx* wud that 
most of the ty]H*s of funi.iee already d«‘''< nla*d 
have lx*en u*M'd or prnpofstsl, (.\en m< ludmt» 
the in<luetion fumaec. Ik* Laxal met witli 
(KUHiderahlo sueicHs m 'rmlDiattan, Swcdin. 
with a modilieation of the ni<li,iti<.n are furna<‘e 
(Fi'j. 3) ; hut Ills fuinaeea were later rephutNl 
by those of the Sir iueris ty(»o {t I'j. 1). and the 
mauufat'tuie cf /nu m the t let trie furnaee «.n 
the lari»eHl seale Im> ]>r<>bal)ly Ixs'ii earned out 
ill this v\.iy. 

Another fum.iee ♦de^iyned for /me lUiiiiU' 
faeture may be ronsidererl m more iletail, not 
iK'canse it lias Insm U8<sl on a larite w ale. !mt 
for tin* pnrpow of ilhistralmy am^tluT type -d 
fuinaoe dejMTidinjj; upon the radiation of heat 
from a resistor. A. H. luilwTt projxiserl to 
make /.me directly from zme Milphnie or«*.s hy 
heatiiii!; thew* in (ontaet with iron aeconlin^j to 
the follow niL! rspiatiori : 

/nS t Fe FeS 'An 

All ('h'ctrn furnace was desnznerl for carrMiiK 
out this ptoeess workrsl on the pijin iplo .shown 
in Fe/. o and subwHjiU'Utlv was niodilusl eoii- 
aiderably in 'uder l<i U* uwsl for rbsiilhtm 
zinc from impute si mp. 'I'he funiarc ronsistH 
of a elow'd, nearly cuIik al, biiik box tbe 
inside dimensions of wlmh an- «)- 4dy36 
inehes, aj)[»ro.\imat<'iy. 'I'lie luMt is j^‘-nerat«‘<,l 
iu two /^raphitrsei! eaibori resistors wl.uh span 
a shallow tank in the Isittom of the buck 
box. Tin* resistors, made of jjraphile sluhs 
bavmi;; a eross wn-tion of H - 2 im lie.s, are 
8h)tt<Kl alternately on either side so as to 
form a gnd This inakr-s th»* efToetivi' lenyth 
of the eleetneal eireuit formed by the resistors 
abo'tt 18 f(M>t and its eross-settion 3f wpiare 
inches. 'J’hc elec'tnsles art* at the aaine end 
of the fumaee and to each is eonneetcri an 
end of one resjsU»r, the other ends terminating 
in a graphite bar whieh sen'es to connect the 
resistors electrically in series. The furnace 
is provid(*d with an inelinerl tulx? for charging 
with molten zinc, the end of the tulx* in the 
furnace Ix'ing submerged in the hath. The 
furnace is also providetl with a tap-hole for 
drawing off the contend when de.sinxl. In 
the up|»er part of the furnace lieneath the 
roof is an o]x*ning W’hich can lx* conm*ct€'d 
with the condenser. A furnace nf the kind 
described working on 5f> volts takes a current 


of approxinuittdy lOOtt amperes and diatib 
zinc .it the rate of about l(k) |x)unds |)er hour. 
The ziiie thus distilU**! is pim* ; foreign sub> 
St’ net's simh os lead and iron tenuiining liehind 
are drawn off by the tap-hole from time to 
tune. 

’*hile 111 thi.v |>iiKX‘ss of disUlling zinc for 
punlirati.m puiposts there is, with projier 
pn'e.iuMons. .lo trttu'*lr whatever m riM'overing 
the /im I' (oiideiiMi loll m Iii{uid form; this 
has piM'od oii( of the mo>t serious problems 
III all the nficmpts at /me smeltmg, for the 
temiency always has Ixtii to jinxiuee an excels 
td “ blue powder." 

(7i FihMiis roR Itiuss. Another fur* 

iiaee design depending on the ladiatmn of heat 
fioin a ic.sistor has U’cn dc\ eloped hy Bailey 
.iml weiiH t4> linve met with etuisiderable 
huetesrtin the I'liited Stati's, In tins funiaee 
the n*sistor. Im mg eoinjuiwsl of gninuhir eoko 
or (jiiImui of Home tiiid, obviously cannot lie 
HUHjM'iidi’d abo\e the charge, but is eonlamwl 
in a hliallow tiongh or troughs. Spanning 
the tfoughs and the ixiil of the fumaee eon- 
taming the eh.'irge, whah ver that may Ik*, is 
an fireh wlmh serves to reflect the heat 
r.idiatcil fiom the resistors on the charge. 
N'liturally a lerl.im iiinouiil of heat is also 
t .irrusl to till' eliarge hv e«uiduetioii. Bmloy’s 
funumos am used for varutus purposes, one 
<*f the*M', foi example, lieing for hniss-melting. 
Ill this (.me the fuMiiue eonsMs of a eyhn* 
drieal steel shell siijiported Ity trunnions so 
that it e.iii lx* tilt'sl The st^H'l shell islmixi* 
and coven d with an arched roof of refraebiry 
iiiatcnal. The lx.ttom .»f the furnaee is Isiwb 
Hha|Msl 'I he ri'sistor eiuisists of gtanular 
earlsm eoiit.iined m n ein uliil* trough made 
of silicon enibide; tin* eh'ctKMh's are dianietllc- 
idly opposite one another and, protruding 
into the circular trough, make contact witJi 
the rcHistor (ailsai 'I’he fumaee shell has a 
diameti’i of 7 feet, a (.ipmity of IWK) pouixls 
of bi.i and working at 105 kilowatts melts 
about M«» pounds of brass per hour. 

A furnaee working on wirnewhat similar 

prineiple.s has l)e<'n demgried for brass nielting 
by the (Jeiieral Kleitrie (.'o. (I’.K.A.). It 
consi.sts »»f a tank, on two ojijkisiU^ sides of 
which are t'’>’ighH tilled with granular carbon 
serving ns lesiHlors.^ Four electrodes are used, 
one at ea( h end of th» troughs. I'heso 

electrodes arc movable in a vertical sense, 
and are plungeil in the granulaF carlion 

resistor. The troughs and tank are spanned 

by an arelj/'d roof which reflects the heat 
gcnerat<*il m the resistors on the metal con- 
taincxl in the tank. The heat is not generated 
rnemly by the pa.**fiage of the current thrcgigb 
the resistor, hut also hy the smotherfd arcs 
formed at the ends of the four electrodes. 
The flower used in the funiaoe can Ixj regulated 
by raising or lowering the electrodes. 
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The niUHt extensive developments in brass- 
melting funmees /ire found in the use of a 
modified f<jrtn of the radiation are furnace 
{Fif/, ;i), and in a combination of the induction 
furnace {/’’ k/. (>) and the lloring “ pinch effect” 
furnace (Fi^f. 7). 

Tlie development of the radiation arc 
furnace for brass- ini'lting is duo mainly to 
the work of H. \V, (Iillett of the United 
States Bureau of Mines. Most of the attempts 
made to melt brass or eop|HU‘ m furnaces of 
th(‘ types shown in Fi<j<i. 1 ami 2 have not 
been satisfactory beoaiiHo of the difficulty of 
avoiding serious vaporisation of the metals, j 
Kxfieriments with an ordinary radiation are ! 
furnace (Fig. ff) showed appaivntly serious 
zinc losses when working with yellow brass. 
In a inoililied form desigmsl by liimnerfelt, | 
using two phasic curriait with three eleidrodes, I 
satisfactory results wt're obtaiiust with ci'rtain | 
bronzes not high m zinc ; but where the | 
content of this metal is high the Iossk's are 
serious. 

I'ho furnacii devi'hiped by (bllett is a single 
phase arc radiation furnace. The shell consists 
of a horizontal steed drum, the length of which 
ia approximately (he same as the diameter. 
Surrounding each end of the ilrum are rings 
which form tracks and gears. The tracks run 
on rollers, the gears engage with pinions turned 
by a motor so that the i*ylinder may 1 k‘ rocked 
about its axis. *A graphitised carbon electrode 
, passes through a stuffing-box in the c(‘ntro of 
each end of the drum 'Hie stwl .shell is lined 
first with a good heat -insulating brick, and 
inside that with a lefractory brick. A door 
for charging and tapping the fumaeo is pro- 
vided in the side of the drum. In working 
the furnace an arc at 12B volts is drawn 
between the electroiles, and the furnace is 
rocked back and forth through an angle of 
about H(U after the furnace has been under 
boat for some lime and the charge of brass 
has already partly melted. As soon as most 
of the charge is melti'd the rocking angle is 
increased to 2(H)". The time of a c<*mplete 
oscillation at 80" is about 13 seconds, at 200® 
is 33 seconds. The object of the rocking is 
to bring the molten metal in contact with 
hoaUnl parts of the lining and thus prevent 
overheating and consequent loss of metal by 
vaporisation, also to mix the metal thoroughly. 
The furnOcQe is tappinl by opening the door and 
rocking to a position where it is completely 
omptiotl. 

A modification of this furnace* is designed j 
with doors in the ends instead of in the side, I 
the electrodes passing through the stuffing- j 
boxes in the doors. This furnace, instead of i 
rocking through an angle of 2(K>", rotates j 
continuously, and the tap-hole is in one of i 
the ends. | 

The furnaces of this type have high thermal » 


efficiency, for with continuous working they 
use about 2.W kilowatt hours per ton (2000 
pounds) f»f metal, and the metal losses are 
very low. 

The llering furnace working on the ” pinch 
effect” ])rinciple {Fig. 7) was tried out very 
thoroughly for brass-nicltmg ; but the results 
wiM’e not satisfactory liceauso of the very 
considerable heat losst's from the electrodes. 
These were of necessity watei-ci ailed, and the 
cooling water carried off a very considerable 
jH'icentage of the total heat generated in the 
funiace, .Mechanical troubles of various kinds 
were als<i experienced. This led to the develop- 
ment of a furnace in which electrodes are 
elimmatt'd by connecting the two tulnis in 
w'hich the pinch effect occurs so as to fomi 
a loo[) tilled with molten metal, this loop 
forming the .si'coiidary of a transformer as 
m the induction furnace {Fuj. 0), excejit that 
111 this cas(‘ the molten metal, instead of 
filling a horizontal tnnigh, is contained in a 
vcitK'al V-shapi'd tubt* wfth its ends opening 
into the bottom of the bath M {Fkj. 7). 

The ofdiiuiry induction furnace cannot be 
u.sed foi brass- or copper-melting because the 
very low resistivity of thc.se metals involves 
the use of such a high current deriMty, m order 
to get the required jiowcr in the fuinace, that 
the pinch effect occurs and the molten metallic 
j circuit IS broken. 

[ This mdiK'tion pinch-effect furnace gives a 
i liigh tlu'rmal fficiency, as might Ih> exjiceted, 
j since the heat energy is generated m the 
metal ; but the objection to its us(> is the 
necvssiby of tilling the funuiee with molten 
metal Ixiforo it can be started. Nevertheless 
those furnaces arc Inuiig w’idely and success- 
fully used for brnsH-melting in small units of 
200 or (KH) jiounds lupacity. Their use for 
large units is apt to bi' objectionable la-cause 
of the low power factor of the electric circuit. 

§ (8) The Nohthrtjp Furnace. — An 
olei’trio furnace of relatively recent develo^)- 
ment is the induction ajiparatus of Nortli- 
nij), and although thus has so far not had 
a wide commercial use, yet ns an e.xatnplo 
of appbod physics it is of great inten-st. In 
Nortlinip's furnace “ heating is obtained by 
mdueing, with comparatively high frequency 
currents in an inductor coil which surrounds 
tlio crucible, very large currents in the walls of 
the crucible or in its contents, if these are 
electrically conducting. The induction is ob- 
tained by electrornagnetie induction without 
the use of any iron. The furnace differs radi- 
cally from all other tyiies of induction furnace 
by the entire absence of any interlinkage of a 
magnetic with an electnc circuit. The necessary 
high frequency of the inducing current may be 
obtained in more ways than one. I’he simplest 
and most obvious method is to wniiloy oscilla- 
tory currents obtained from the discharge of 
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conden«erft. The os(‘il!aU>ry currents jnim ! 
throujili an ni(!u(‘t<>r coil of about fifty turns 
which liurrrnimls tiic crucilile, and aufticiently 
sc]Mrat»‘(i fniru it to ]HTnut of bjth eUvtncal i 
and lit'iit insulation. \Vc tlni'* ha\e in effcit . 
a Tinla cuil arran^eini-nt in whn h the volt«;;o 
H transformed domi and the currt'iit trans- 
formed up. It IS to ls‘ noted that when a 
eond(ms<Tof cajiucity (’ isi hai'^red to xoltaiite \‘, 
enerj'v is store*! in the diele»tnc m ^Miten 
tial form and in amount t'V^ :i. When the 
eonilenH4‘r is dnchuri’»sl the ]x»tential energy 
is n'l«‘a.H<xl and, lx*eominji kinetic, may take 
the form of (*listric radiation aa utilexMl in 
nulio ]>ra('tice. t>r it may take the htrin of 
tliernial eneiey or hi'at. Wlum lliw pniuiple 
IS oiua- Tis oixiiistnl, it iM-comea pun'Iy a ques- 
tion (d desi>j:M and « nuinix rmi; pr.ntue ao to 
eonsiruct aiiimratus .ind sehu t condition.s that 
very little eiKTLrv is si».>nt in radiation and a 
larye ]HMc('iit.ii'e <if the ener^TV is ton\erted 
into heal' within a cnicihh* and its eoiilenta 
the necessity nf t lit * intcT linkage of an non 
iniiLMietK cireuit vsitli iin elci trie eiruiit 
entirely ol»\ uilssl ”(11). 

'I’he ftjqiarutns us<sl m a fum.iee of this 
kind consists of a tidi vlc tiansformer, -2t> 
volts [irimary, WMM) \olts s<‘<(uidar\. In the 
jirimary i iicuit sliiiril- and nmics nnctors are 
iisisj. The leads fiom tlu' .Ms-ondaiy of the 
transformer are Inst < onnected to the tsmmnals 
of a torulcnser, then on<* ])iuss4-s dnx‘< tK to one 
tiirmmal of the ualuetoi coil surroiiinlinp the 
crueihle, the sis'oiid lead to a diseharpe pa]», the 
other sid(> of the (lis« haru'e paji Is-inp coniiei te<l 
to the second tsTimnal of tlic iiidiutsir coil. 

\ SIMM lat form of dist harye pn]i is uwd. In 
tho ca.si' of the ordinary discharpe pa]) the 
voltapi' of the s<M<)ndnrv circuit huikls u]» 
until it HMclies a certain vahii' at nhich the 
pap iu])tiires and the (onderiscr <Iis( harpes 
throiipli it. If tlic im[s‘dance of the eireuit 
is antliciontly preat, then there is an oHCillatorv 
discharpe. Wh<-n, however, the diach. rpe 
(XXMirs throiicrh the pap, an arc tends to fomi 
which ioni.S''s tho dielectnc in the pap arul 
makes it such a poral clei'tricnl condnetor that 
there is little or no ns<> in voltape across the 
gap and no continuous senes of ow illations m 
eiloctsHl. There are various methods of over- 
coming this difficulty, hut the methixl actually 
employed depends u].x)n the curious “ negative 
electrode n'sistance ” of mercury. A hath of 
morciiry is contained in a closed vessel throuph 
the cover of which pass two elettroth's with 
graphitiseil carbon tqis, each of these forming a 
gap betwmi it and the mercury bath. The lead 
from the condenser is atta^ibed to one of these 
electrodes, while the other eleetro<lo is attacluxl 
to the inductor coil. No matter in which 
direction the current in tho secondary eireuit 
of the transformer is flowing, in one of the 
gapa between the graphitiaerl electrode ti)Mi 
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ami the menniry the current will lx* flowing 
from meicury to an chs'triHh' tq», and it is 
found that when the \oltapc Indwixii one of 
rticM' HMi' lit'h a icrlaiti nninmnm the ncpative 
ctc«ctoslf ri'sislancc ol llu* inctuity o]H*ns the 
ciiMiil «<)m]»ht»l\ and \ers suihlcnly 'I'ho 
action <•( the "rt]t is pri'Htly mi]»ioM'<l by 
workim: m aii atiiio'-vhcn* of ah’ohol \ii]toui, so 
means fot lo* pinp s. h an atnio.s])lu‘it’ in the 
tlisi'hargo );. 4 ]i r ]>i..\ni<‘d. 

The uidnct 4 «r < o'.l in the funiace under con- 
sidoralu)!! hs'. .'>2 turns and an oul^ulc tlianu'ter 
of 74 inches. A quart/ cilmdir insulal 4 ‘s the 
inductor coll from the erm d»lc, which is 
mchi's oiithidi' diniiicU i 

There un‘ many nU'dilicationK in the con- 
stnii-tion of thi.s fniiMoe and the iqqiuatus 
(••niUMt^Ml with it, Kill h as watm- iMKilcd in- 
dmt.oi'i. di“-iuii foi two ]>hn‘-i niircnt, the use 
of wliat has IsM'ii iiHini il a " fonis Miduitor.” 
This inductor consists of a coil of a sinple 
turn, and herne has a < iiiicnt (a]iacily alioiit 
r>t» tinn*s prcnt4‘r than tin* ]»nniai\ inilmlor. 

It has till- cITci t oi foi iiKsinp the i-hstio- 
inapnctii liclil iqnm the mass (o be bcati-d 
and mqiarates tlic ]»nniary iiidin t^r ( ml from 
till' I'nidblr, thus puanlinp the woikcr on the 
funiace from lontiot witli all Inph \oltape 
jiarts. A wry I'onqdct/- dismission of tlie 
theory of this furriai e and its ]»nn tn al iqqiln a- 
tion m-'i> Ik> found in the 'hu: Murhot m <>f Ihe 
Afittnain hUrtrtH'hi'vwnil .S'ofuty, >VM. tU) 
ft Kiq. * 

The liniitation at the jirewnt time to the 
UM 4 ' of tins finni of iTi<iintioii fnmin 4 ' is the 
great e\]HnM- insoKcd ni the electrical 
a])parntus iMsshsi foi the ])todu( tioii of 
os< illatorv 4 ni rents of high waltape So far 
de^eIo]lment^ h)i\e rein lied (a]»auli*‘N of the 
<>rder of tit) kilnwutts; Imt the cost ]K*r kilo- 
watt 4 >upai it} iH 4 '\trmnel} high. 

Tin ;ol\antage> of the funiace are the high 
them:.' • Ihcieni y whnh lan he obtairu'd ; 
the oas 4 with which materials i an Is* melted 
without un> ( ontamiiiation with carbon, wlinh 
is almost inevitable t/i prent^r or h‘hs (‘Xh'iit 
in fumaies when* i arlsm ehsirodcs or larhon 
n‘sistorM are UM'd ; the relative ease with 
whieh the funiace lends itwif to canyiiip on 
high tenqs-ratun* work in ii vacuum. 

As rcpanls thcnnal efticjeriev : Norlhnip 
made cx]s*nincntH with an Alcxandcrson alter- 
nator, 25,000 cycles *|>er weoml and^K) kilo- 
i wattrs ea])a<’ity supyilying a fumaei' which was 
; found to melt coyqicr in quantities at the rate 
1 of 8*38 pournfs per kilowatt hour. 

I § (9) Fobnaces fob Glass - makino. ~ 

' The idra of using clectne fumaies for glass-# 
melting has for many years her*ri a very 
attractive one ; hut it has not Is'cn develojs'd 
I to any great extent owing to the ihfficulty of 
i avoiding the reriucing effect of (’arlsin on the 
i constituents of the glass. This difticulty, 
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however, docs not ocour with the high fre- 
quency induction funiaeo, for glaHS ha« been 
very HUcce.HHfully n>elt(5d m it. The furnace 
alHo has hcs'ii succertHfully UHod for the melting 
of plaliniitn. 

§ (10) Phoduction of Aluminium. — In 
works d('alin)^' with electric funiaces it is a 
corntnon custom to include the descrqition 
of the manufacture of aluminium ; but the 
process more iinqs^rly comes under the head- 
ing of (dectrolysis altliough it is ))artly electro- 
th(‘rmic, since the electrolyte is kept in molten 
state by the heat generated by the electric 
eurnmt. Aluminium can 1 hi redueetl by carbon 
from its oxidi^ in the eU'ctric furnace ; but the 
]>roduct is very impure, containing always a 
quantity of aluminium carbide. On the other 
hand, alloys of aluminium with cop|K‘r can lie 
made by direct reiluction in the electric 
furnace. 'Po do this the alumina is re<luc«*d 
in the prctsmice of co]qK'r, whu'h a]>parently 
alloys with the aluminium as fast as it is 
formed. 'I’liis is one of the oldest electric 
furnace ^irocesses, having Immui pateiiU'd hy 
(Viwles m I8H4. TIu' furnace charge aids as I 
the resistor. 

While the ri'guhvr manufacture of aluminium , 
is proiMM'ly electrolytic, them have Wn m- [ 
teresting developments in the application of , 
the electric furnace to the iireparation of the 
raw material, ulumina, used in the electrolyte. ! 
Ilauxiti', the source of the aluimna, must Is' 
purilied iK'foro it can Iki iiw^d in the electrolytic j 
cells. 'Plus is (lone hy chemical treatment ! 
which produces pure alumina, but various j 
electric furnace processes have been deviw'd , 
for producing that material. Some of theHt> ! 
processes de]HMid iqiou the fusion of impure , 
bauxite in the electric furnace with the addi- 
tion of carbon in sullicient (juantity to reduce 
the impurities such us iron, silicon, titanium, 1 
etc., to the metalUo form. Thus the product ' 
of tlie furnaci? will be mainly a metallie alloy 
of the impurities and nhimina, of couinc the , 
last being in large excess. But the most i 
interesting process theori'tically is that of : 
Ser^x'k. In this case inquire bauxite is mixed ; 
with carbon and the mixture heated in an 
electric furnace in an atmosphere of nitrogen, 
so that a nmetion occurs which may be 
represtmted by thp following equation : 

^Al,0a+ 3C+ 2N=2A1N+ 3CO. 

The aluminium nitride thus formed is decom- 
posed by water with the formation of alumina 
and ammonia os follows : * 

2AlN-h 3H3O ^ AljOa-f 2NH,. 

Thus in the preparation of alumina from 
bauxite the valuable by-product ammonia' is 
produeeii. In actual iiractice the nitride is 
treated with caustic soda. Apparently one of 
the principal dilBculties in the process is the 


design of a really satisfactory electric furnace 
for carrying out the work. 

§ (11) Production of Cyanahide. — ■ An 
im[)ortant application of the electnc furnace 
is found in the manufacture of calcium 
cyanamide or nitrohme. In making this 
material calcium carbide is first mode in an 
electric furnace and is then ground to a powder, 
when it is leady for the nitrifying furnaces. 
The rt'oction which oCcurs when calcium 
carbide is hcati'd with nitrogen is as follows : 

CaCa+Nj^CaCNa + C. 

This IS a revorsihlc reaction. Thus, for ex- 
am [ile, when the ]K>wdert‘d carbide contains 
about 82 jM'r cent of pure calcium carbide, if 
the Uunperature rises above 13fi0‘' (\, the 
cahium cyanamiiic formed is dccom]H)Sod, 
forming calcium carbide and setting free 
nitrogen. Now, although it is necessary to 
lu^at the lalcuim cnibiih* in the nitrogen in 
order to cause the remtion which jiroducos 
the cyanamide, yet thflt reaction itsc‘lf is 
accmiqiamed by an evolution of heat; hence 
when the naiction is jirocwding it is necessary 
to carry oil the hi'nt gi^ncrated in order to 
avoid tlie levcml of tlie reaction. Electrical 
heating of the calciiiin larbidc is therefore 
usetl, tlic tyiK' of furnace kung tliat illustrated 
in Fig, 4, in which the heat mg resistors are 
carbon rods passing through the cliarge. The 
furnacc.s, of <*ours(s are gas - tight and are 
supplied with a current of nitrogen gas. The 
power in tiic fumaies is adjusted so that a 
tcnqHTuturc of BtHl'" to 1000"' C. is reacheil, 
which starts nitrification; this generates heat, 
and then the power must be cut off altfigether 
or adjusted so that the temjieralimi of the 
charge dw's not rcacli a jioint where reversal 
of the nitrification reaction taki's place. 

In recent yours tliere has lieen a grt'at in- 
cixiaso in the use of electric funiaces for the 
heat treatment of metals. Under some con- 
ditions this IS advantageous inertdy from the 
point of view of cost of heat ; but probably 
the determining factor is found m the very 
jxtrfect control of Umiperature and in the 
saving wliich may be effected on the whole 
cost of the work even though the cost of the 
heat generated electrically is higher than that 
obtained from the combustion of fuel. Fur- 
naces for heat treatment of metals arc usually 
of the resistor type. In some cases for higher 
temperature work on a large scale granular 
carbon resistors are used. In other cases 
metallic resistors usually are made of the 
nickel -chromium alloy called " nichrome.” 

t F. A. J. F. 
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FURNACES FOR LABORATORY USE 

The aeloction of a furnace for uao in the , 
laboratory is larjicly cletonnined by the' source of 
encrgN' available and the conditions of supply. ' 
With* the advance in the technique of the 
construction of small electric furnaces, the 
use of electrical enerpy, although lens efficient 
as a source of heat units, offers such arl vantage^ 
over gaseous <ir liquid <uels that the electric 
furnace has displacfMl other types in almost 
all laboratory operations where precise tern* 
’perature control is desired. The variatiryn in 
the pressure and calorific value of the gas 
drawn from town mains contributes largely to 


the )Mq>aUritv of the electric furnace, which, at 
any rate for work btdow KXKU (\, isxsstiRses the 
adxantngcs of jK»rtahility, freedom from imhu 
taminatiag ga>ies, «‘asx‘ of control, and uniform 
distribiiMon of lenqK'ratnre, 

The usen foi furnaces in the lalKimL'ry 
are so inwiy a-'d mi vani'xl that many lyi>es 
have liecu ilcvclojsxl to meet sjKHial ncxMls. 
The c instruction ..f a sinall fiirnuci* for 
!alM^rat^•rv vxo k is so easy that i1 is generally 
more conveiue.'i .o tlesign a fnrmux* suitable 
for tlie exai t reijuiriMuents of th«’ worker, and 
to assemble it in the liilHiratory, than to a«la|»t 
apparatus to a Nt-nidard tv [s' of fiirnatx' 

The following is a brief liesonption of the 
principal tyjs’s of fuinaies in use, and an 
account of some (lexux's wlii.li are eniplo\eU 
to obtain Kpeci.d conditions or ix'giilalion of 
teiujauatuic. 

!i (1) Ri.sisTVScr I’l'UNxcKs. For work in 
whi<li cxtonK* tcni])craturc'« an* not ri'qumsl 
.iiid in wha li sin. ill quantities of m.ilxuial atxx 
to Is* trcaUal, wiic wouml ebs tne resistaice 
funiiKCi ate in general u.sr'. Tla' coiu I ruction 
of IhcM* fiirnaii's is a simple riialter, the 
ossnitiala being a icfnnforv or nietiil tulaj 
vxhicli is tightly wound with wire or riband 
of suitable ilimeiisions to give a total n‘'>i.st* 
aiice such that the maxiinum icmpcruliirtt 
dcsin'd cun Is* obtained with thi' \oltiige 
axailable. The winding p| enilvddiai in 
inatenai having a low thermal l•ondllclivlty 
--su< h as li'dit inagticsia or diatomaccoui 
earth— aii<l the wliole may 1)0 contained in a 
slKM't • metal cvlinder. Convenient tla'rniul 
insulating material can 1)'* obtained in the 
form of fircsscd magnesm iislM*Ktos cylinders, 
winch are supplied in various dmmeb'n and 
thickiiesMs, and can easily Ik* cut to the 
re<| Hired length. 

The efh< leiicy of tlic* furnace dcpf'nda on the 
thn knesh of the “ lagging ” employisl. Using 
a lit • 1 magnesia jiacking, of tlie tvpc men- 
tioin '1 .iliove, say •*> itv lies thick, round a 
winding ir» incbes long, a 1(*m|K*rature of 
alaiut KKHJ' C. mav Is* obtaineii in a tulio 
f-inch bore over a l<*ngth of 1 mchoH with 
a con8um{ition of RKK) watts. 

Without H|K*< lal precautions to counteract 
the heat loh.s«*s at the ernis of the fumaoe, 
the length of tulJb over which a reasonably 
uniform t<*mj>'rature ( * 2 per cent) can bo 
obtainerl will Ik* apjiroximately (f*<hird to & 
quarter of the total length of the winding. 
This relation will only hold if the length of 
tube wouiffJ ex<*c*eids six limtsi the diameter pf 
the tulje. 

If the lagging is nvlucerl, a more unifoon 
I temperature gradient i« ohtaineil, with a 
I corresponding logs in efficiency. The thicker 
the lagging the longer tlie time the furnace 
takes to reach its maximum temperature. 

For temporaturoa not much exceeding 
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lOCX)' 0., wire or riband made from a nickel- 
chromium iron alloy* f'ood service (these 
alloys an; obtainable under the trade names 
of “ Niehrome," “ (Mironic,” etc.). Kecently 
a wire which is said to ^ivc an a]»]>rcciably 
lon^iir life than thow; hitherto obtainable 
IwkH IxM-n put on tlie market The alloy has 
a composition somewhat similar to thow* 
mentioned above but is free from iron. These 
alloys have a hi^di H|KK'itic resistance (of the 
order of IK) x III 

Over KMX) ’ (\ the rate of oxidation liecomes 
considerable, but can lx; retarded to some 
extent by coating the winding with alumina, 
bondisl with a small (quantity of kaolin, and 
surrounding the whole with a half-inch layer 
of powdered gra]ihite. 

For furnace winding win; gives a longer 
life at high tein]ieratnreH than riband. 

VVlien miikiiig up a imw furnace it w adviHshle 
to URo I ho thickest wire admiHsihlc if the furnace 
is re([uirc(i for use at high temjieratures, or, in oIIut 
words, the lowest, voltage |»racticahle slioiild alua}H 
bo used. The thickness and length of the wire 
reipim'd may I'a.sily Ik' ealculaUd from the data 
given 111 the makers’ catalogues. For exainfdc, 
if It IS reiiuinvl to make up a furnace widi a J-nich 
bon; tube, I.'’) inches long, to tak<* MMH) watts, and the 
voltage available is KM), tlien the current u«‘d will be 
10 amps, and tlu' resmtaneo of the furnace 10 ohms. 
Koferrmg to a catalogue of Clinmic wire we tmd that 
lO ohms IS apfirovflnately tlie resistance of 

4 KH) yd of lOS.W.d. win', 

50 ,, K) S.W.ti win', 

i:i .. IftSWt! win*, 

1) IDS.WC. win' 

AHHuming we can wind 8 turns of wire to the inch, 
then the total length of wire reipiired will he K> yd. 
— 120 turns, 3 inches per turn; 11) S\\.(i. must 
therefore be used. If. however, it w'ere found 
jiossilile to wind 10 turns to the inch, then 12 r> yd. 
of win' would he n'qum'd, and we eouhl tlien'fon' use 
18 S.W.CJ , which would be an advantage. 

For work at higher temperatim's wire or 
Htrip made fnmi ])lul inurn or an alloy of 
platinum and rluulium should lx> used. 

(Wlioro air can be excluded entirely from 
the furnace, tung.slen nnd molybdenum wii'o 
may be used for the winding, but, owing to 
the excessive brittleness of the wires when 
in use, these metals are 'unsati.sfaetory for 
the purpose. Of the two, molybdenum gives 
rather ri'sults than tungsten.*) 

Since the life of the furnace depends nn the tempera- 
ture of the win' during use, it is dt's^i^ble f<ir high 
temiH'rature work to arrange that the tnlie on which 
the wire is wound us as thin as practicable and made 
fr^in a nmtenal having n high thermal conductivity. 
It IS also desirable that the furnace be well “ lagged.” 
A longer life may lx obtained if the wire is wound 

* See “ .Allovs. Some Speel il.” § (2) 

* W. K. Ituder, Trans. Atnmran Ifistitute Mining 
fSnginsrrs, 1918, Ilx. : Wlnne and Dantrigen, Trans. 
Am, Electrochtns. Soc., 19U, xx. 


on the inside of the furnace tube. This may lie 
elTecKxl by first winding the wire on to a wooden 
mandrel, of a suitable size, covered with pajxr. 
The winding is then covered with Alundum cement 
moisten<'<l with a solution of smlium silicak' and 
shajxxl with a moulding t(«)l st) that it will just 
fit into the furnace tulx WIk'ii thoroughly dry 
the mamlri'I may l»o withdrawn and the winding 
inserb'fl in the furnace. The U'mjx*rature should 
he raiw-il slowly for the first tun. 

Still higher temperatures (within about 30” (\ of 
the melting-point of tlie wire used for the winding) 
may lx obtained l>y winding on the “cascade” 
j»rincipl('. In these furnaces two concent rio heating 
coils are employed. For a one-inch lH)r(' furnace the 
tulx IS woiiml with platinum or jtlatmiim-rhcKliuni 
wire m tin* ordinary way. 'I'liis winding is jilacixl 
insalc a tula-, 3 or ) inclics in diameter, also wound 
with jilatinum wire, the sjiaee between the tubes 
Ix'ing paekeil witli magnesia. Jn operating the 
furn.ice tlie tem|H'ratiire is first raiserl to about NTMl” 

l»y jiassing a current througli the oulei winding 
only. 'I'luH cm rent is thi'ii ki'jit constant and the 
additional temix-nturi ohtaimyl by passing a suitable 
eurreiit through the iniur winding Ky this means 
temjH'ratures exceeding 172(1" ('. may be maintained 
in tlx furnaee with jilatinmn-ilKHlium windings. 

Cniforfnily of Tvinperniuie. — For many 
purposes, ga'< tlu'rmomi'try, fine annealing 
of largi' HpotimeiiH, nieaHureinent.s of pliy.sieal 
pioperties at high teinjx'ratiires, anil so on, 
it is e.s.sential to obtain iiiiifoiinity nf tein- 
ixrature throughout the furnaee. An exon 
(listnhution of teinperaturc' in a small specimen 
eaii Ix' obtained ineiely by making the furnaco 
huge enougli, hut when larger hpeeimeiis have 
to be used this becomes ineoruement. By 
cutting down tlu* lagging, the heat Kisses at 
the ends of the tulxs bt'coine of less importance. 
The fiirmieo Is then, however, more suseeptiblo 
to changes of tern [X'rat lire in its surroundings. 
It IS therefore Ixst to secure that the thermal 
insulation Ix' amply sntheient to damp out 
the elTeet of draughts and changes of room 
U'mperature and to take other precautions to 
compensate for the end ctTeet. The insulation 
should lx; built up of alternate layers of 
materials baxing a high and low conductivity 
resjK'ctivrly, arranged parallel to the desired 
isothermal surfaces. Thus, the furnace wind- 
ing should be insulated by coaxial metal 
cylinders, the space between them being 
packed with a good insulator, light magnesia 
or kieselguhr. To counteract the end elToct, 
stoppers shou’d lie eonstructed on the same 
lines. Fig. 1 shows a diagrammatical section 
through such a stopjx'r. It consists of discs 
of iron separated by light magnesia packing, 
contained in a refractory tube. This stopper 
is a good conductor tif heat in the dinxtion 
T-I) and an insulator along its axis AB. 
Compen-sation may be made for the heat 
los.ses at the ends of the furnace by crowding* 
the turns of wire, and thus increasing the 
resistance, at the ends of the winding. It is 
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possible by this mesns (svipplotnentM by the 
method of insulation described above) to 
obtain a high degree of uniformity of temjieni- 


Q C/a^ ^u6# 
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ture { ' 0 5 ' or less) at any one temperature. 
(Sticli a furnace uill not, luiue\t>r, iw uniform 
if used at a U'mpi*ratuie dilfcient fit>m that for 
which it was ('onipcns.ited, la-ing under-coin- 
|H‘nsated for a higher and o\er fonnM-nH.ite<l 
bir a lovser temperature, 'j'o j-on.^truct a 
furnace t-o gi\e unif*irmit\ at all fempeialures 
it IS nei-«‘ssary to ifse a nuiut>er of .separat<'ly 
eontrolhal uindimj:^. /’n/. 2 shows a diagram- 
matic section tliiough such a furnace. It is 
necessary to ha\c H ami (' separatelvcontrolhMl, 
since, m practuc, it i, impossible to make the 
ends exactly similar. Generally sjieaking, it 
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A, (’cntral uiiiforni wiiitling, B atvl (*. Hiiiiplo- 
mciit.ir\ wlndimis; D, windmirs in sUuaxi-*; t-. ; 
day stopper, F, liglit inamiesi.i lucking. , 

is easier to obtain uniformity in a tuln; inountc«l ) 
hori'/ontally than when mounted \ertically. j 
With a little patience in adjustment, a 
furnace built on the line.s rleserifa-d alM)\e 
can be run at any bmiperaturc with a maxi- i 
mum temperature vanatum of the order of j 
0-2 I 

§ (2) Gradient and Ti be Furnaces — i 
Rosenhain describes a gradient furna<*e con- 
structed tf> give a steady rise of temperature 
along the tulie from 200’ C. to lOCK) (’. The 
furnace, which is mounted vertically, consists 
of a refractory tube. 2 feet long, wound with 
“ Nichrome ” wire on tife top 0 inches of the 
tube only, the lower part of the tulsj being | 
heated by radiation and conducthm only. 
The bottom may be water-c<x>led.* 

‘ Ferguson and Merwin, Am ./. .S’ci. xivi 
• Rosenhaln, /njt. o/ MOaU J., 1915, No. 1. 


It is found tliat a lemarkably even gradient 
is pnKliu'tsl. Tlie use of a metal tulie iiist^ijid 
of a “ ivfiiietory ” luU* gixes a longer range 
<tf steady griulient plown to aUiut 40' (’.) ; 
iron m*.v l»e mmsI for low temjK'ratunvs. and 
ti Im's !uade fiom a heat redstiiig allr)v an' 
now' »>l)t..imihh bu higlmr temjKT.it uix's. It 
IS ne'T-.-.uv that die furnace be sealed at 
one end, ju'c\<>jji draughts ami coiui'ctioii 
eujrrent.s Tie's' furnai os are jiractuallv in 
iliNjKMs.ijilp lot iiuotigati'iMs of the constitu- 
tion of sybti'ins of allo\-^, etc., by thermal 
imdliods. 

For temjKiaturcb ujt to ItHHl^ C. fust'd 
silica pro\idc's almost an ideal fiirnaco tulHt. 
The rcsibtanu* ol tlu'sc tulH*s t.» .sudden changtis 
of tcmptT.iture is icmaikablc. (’old watiu can 
Ik* hwilh'd tliioiigh a fuiu.uc riinMiiig at ItKHi’ 
(’. without fcai of frs< tuic if suitable jire- 
caiitioiis aie taken to avoid tlie jiroduction 
of high jucssures llitougli the gcneintion of 
steam. 'I'his piojKTtv of fused nilna is utilist'd 
m a furuict* desigm-d bu (lulling imOil 
I' s|K*< imeus rapidlv troin lugli temperatures. 
One I'lid (»f till' wiin.i IuIk- of Hk* furnace is 
eoiuuKtcd to a lilleimg llask wlmli can Uv 
evacuati'd when de-ired. The other end of 
the tula* IS attaiiMsI to a wnb* bore taji leading 
to a IuIk*, the end of wlmli p. immersed in a 
hasm of waUT. The lap p lirst tuim*'! off 
and the tlusk ev.'u n.ited \\ In n tie* s|m ( mien 
re.it lies the deMn*d teinpeiatmc the (aj) is 
turne.<l on .uid ll’ * ( old water lushcs througl! 
the funutc, washing the sjms iim ii into the 
Husk " 

Above lotKi (■ Slip a iK'gms to erystalhst*, 
burning trydnnite at an !ip|ire( laldo'’ rab*. 
The tuls*. idler a time, bi((un(‘s britth*. 
Howevei, rca'-(»n.il>le seivuc tan lx* ohlaiiuHi 
from sili< a no to 12dD ( ' 

Above rjDtl ('. hard tiled |»oreelaiii tulx's, 
re h in alumina, can 1/e usctl uj) to ir>(Kl’ G, 
For t' mjKTutures uj) to 17511 tulx^s mode 
from alumina clay mixtures are si'rviceablc. 
So-called “ alumina ” tuls's must, however, 
Ik* usetl with (uution, simt* they are liable to 
sag in UM* at < tunjiarativ e|y low temjKTatures 
(1350^ t'), unless sjKHial precautions in the 
choice of binder ami tiring tcmjieraturo 
have Ikk'H taken in the manufat ture. (»Soo 
“ Kefraetories," ^ ^37).) , 

For temjKTatures above ITtKT (’. other 
tyjx's of furnae(*'< are ernploye<r^ Where a 
strtmgly oxidiKing atmosjihere is cJiHential 
the indium kulsi furnac'c is useful for teinjicra* 
tures UJ) u) d'he high tost of the 

tube generally limits the furnace to small 
dinicnsion.s. The irithiim tube is iiaualiy 
mounted with jilatinum flanges to which 
silvcT leads are attaelxKl. Thi* resistance of 
a tulx* 2 cm. Isjre (thieknoiw *)f wall alxiut 
0-25 mm.) and 15 cm. long is about 1/I(K) ohm. 

• Rotenluiln, Iron and SUd I ml. J., 1908, 1. 
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With Hiiitablc thermal innulati<>ri, a terrifH^ra- 
turo of 2(KKr ('. may lx; reached in sm li a 
tulx! with a conHtuiiption of about watts. 

Jlarker dovelo[K'd a type of furnace which 
in capable of cormidcnible exUuiHion. He used 
for his heating cleinont a tulx; cornposeil of 
a mixture of oxides of rare earths, chietly 
zirconia, of a composition similar to the 
well knowii Nernst lilainent glowers. The 
furnace is built up on the cascaele princi[ilo 
(see § (1)), the outer heating unit Ix'ing a 
porcelain tulx'i, about 4 cm. diameter, w'ound 
with nickel wire. Inside this was placcil a 
tube made from the rare eaith oxides, ihe; 
space between the two tubes being tilled with 
pure ’/arconia. 'I'lie eurrent was sup|ilied to 
the central tube by platinum win's woiiml 
round the ends of it. I'or the smallest si/.o 
of furnace I cm. bore, 7 cm. in length - 
tuts's of uniform thickness were us<»d, but btr 
larger sizes, where some dilbeuify w.is <>\p('ri- 
ermed in previmling the junction of the 
zireiMiia and the platmum wire from becoming 
ovorlieaU'd, the tulu's weie constructed with*! 
thickemsi ends. Owing to the large negative 
tenijX'rature coetlicimit of resistance of the 
ziri’onia tube, a resistance mnst Is; introduced 
III series with it. If tin; ti'inperatuia of the 
niokol winding is maintaimsl at ItMXr ('. 
the inner tube (1 cm. boie) may be brought 
to 2(HK)' (’. with a consumption <»f 2(M) watts 
(2 am])s. lIHI volts), the external resistance in 
series being 1(>-12 ohm.s. 'I'he temperature 
control iM'twei'ii HCHI’ 0. and 2<MKt’ C., by 
moans of a regulating ri'sistam'e, was easy and 
ueeurnU'. ' 

§ (a) (JuAi’HiTK OH (’\iMioN Hi;.si.st\N( i: 
Kiirna(’I'',.s. -Many types of furnaces using 
oui’lum or graphite as the heating element are 
in use and have Iwen de.scrilx'd. 'I'licse may 
Ik; summarised under the following heads : | 

(i.) Carbon or graphite tubes. 

(ii.) Oraphite .spiial. 

(iii.) Granular leM.stance furnaces. 

(iv.) (k)utact resistance furnaces. 

The negative temiierature eoelhcients of 
resistance of carbon and graphite art' small 
and, with these furnaces, no external resistance 
is iiceosvsary to svx'ure stability. 

(i.) Carbon Tuf>s F unmeet*.— The carbon 
tube furnace is the oasie.st tyjie of electric 
furnace tS assemble, and is satMaetivry for 
use in small sizes for certain olasse.s of work. 
The tubes re<|uire to water-ocyded at the 
ends, and in large sizes of furnace, where 
the amount of heat dis.sipated at the ends is’ 
j^x;at, these water jackets are frequently a 
source of trouble. For mounting tulx's up to 
2 inches in diameter it is sufficient to make the 
contacts at the ends of the tubes by means 
of metal clamps, w'hich may be cast with a 
» Harkor, Hop. Hoe. Proc. l.xxvl. 


fusible alloy in an extempori-sod shoot -iron 
or sand mould using a carbon tube as a core. 
Ty|K; metal gives satisfactory results. A 
copper tulie, Ixmt to the form of a spiral, is 
eml3e(ldcd in the casting. By passing water 
through this tuls' the cooling of the electrodes 
I is effected ; the tube al.so serves to carry the 
I current to the fiiniaee. 

For larger sizes of furndces it is convenient 
to ii.se brass or gun-ni(‘tal castings for elixi- 
trodes, \ good contact Ixdwecn the carbon 
and the bra.^s clcctroilcs may f? secured by 
depositing cojiper on to the carbon either by 
clcclio-plating or by a metal spray process 
and then tinning the surfaci*. There is 
frc(jucntly considerable dilficiilty in obtaining 
.s.ilislactory hollow castings for water-cooled 
electrodes. Satisfactory electrodes, uj) to any 
size, may eonveiueiilly Im' made in the labora- 
tory in tin* following way. A brass annular 
trough IS cast or may be* machnied out of a 
solid eyliiulru al casting clcsirc'd. Suitable 
dimensions ot a trough tor a 5-in( h diameter 
tnriiacc' would be'- iiilcitial diameter 5 inches, 
external diameter 1] inches, thic'kncss of wall 
of trough inch (Ic'aving an annular .sjiace 
I inch wide), dcpili of trough about 4 inches. 
A .spiral i.s then made' fiom I -inch cojiper or 
stc'c'l tubing of snitabli' dimensions to tit 
ex.ietly into the trough. Two turns of tubing 
I in the .spiral an' sidbcient, 'rbe spiral is held in 
' |)osition while a fusible* alloy is poured into 
tlie tiough (an alloy of 1)7 per cent of zinc 
and 3 p'T cent of copper bis been found 
suitable). While the nu'tal is still molten 
two or more brass bolts are inserted head 
downuanls in the troiigli, K'av^ing an inch of 
thicad cxitosi'il. In this way thoroughly 
satisfactory electrodes may be constructecl. 
W.itcr cionnoctions are made witli the ends of 
tbe.spiial tubes, which are allowed to protrude 
a few inches out of the trough, and flexible 
eables aie attached to tlie bolts. 

Care mu^t be taken to allow for the expan- 
sion and contraction of the carbon tulx® 
when in use. At high temjx'ralurcs carlmn 
Ix'comes weak and bnaiks on c'ooling if any 
strain is set ii]) in the tube. For small tufx^s 
a fle.xible lead on one of the eb;etrodea, with 
freedom for the tulx' to slide in a bearing at 
one end, is sufticicnt to give the necessary 
freedom of movement to prevent fracture on 
cooling, but ior larger sizes, 3 inch diameter 
and upwards, when the eleetrcxles begin to 
get heavy, rather more elabomte arrangements 
are necessary. The best results have been 
obtained by fixing one electrode rigidly and 
mounting the other chi a small trolley ninning 
on lines set jiaralU’l to the axis of the tube. 

It is difficult to obtain largo carbon tubes 
(3 inches or larger in diameter) free from 
defects ; these give rise to Icxjal heating and 
tho subsequent graphitisation of the carbon 
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ill tlioae places, resulting in flirinkage cracks, 
duo to decrease* in porosity. For this rease n 
and also on account of the low resistance of 
large-siae tubes (a 4 -inch diameter tube has 
a resistance of jierhaps 1/2(K) ohm) and, 
consequently, the unwieldy current requiicd. 
this tyj)o of furnace is not suitable for use* in 
large sizes 

It is iH'Cossiirv to adopt pnx:aulionH to pivvent 
tho carbon from l>urning when hot and, for tliw 
purpfw, it has Ik'cii found useful to (unlH>d the tulx* 
in vcgftdljle bl.U'k, a hucly divided form of carb<*n 
obtiunaiilc cht'aply in large ipiantilK's. TIub material 
is an e\f client thermal insulator and eth-clivi'ly 
])reveuts the ovidation of the heating unit Vegetahle 
black must Ijo handled with car**, amci*, when dry, 
it IS sporitaueoualy luflarnnvible in air at oixlmury 
t<!m[rrature.s ri'ceived. the material lontains 

iilmirbi'd nioiHfuio and may be stored safdy without 
sjx'cial piecautious, hut, iifU-r it ban Iksmi in ii.se in 
a furnnue, it Hhould not U* allowed fre<‘ acei'vi to 
the air for any length of time. It i« usual, when a 
carbon tube ih ru wlv^nouiiUsl, t<i run it for half an 
hour at a (<‘iiipi'iaturc eoUHidenibly abo\e that at ^ 
which it is normallv to be used; ihia to 

drive oil volalile constituents (sibea. el<’ ), wbieli 
would otherwise come olf later and contaminate tho 
Contents of the fiirnuce. 

Various devices have lH*on ado])tcd b\ 
difTorent workers to uicicasc* flu* elootiual 
resist nuco of carbon tube furnaces, such as 
siiitalily disjKised saw-cuts. While fulfilling 
this |tur|K»S(‘ to .sonic c\lcnt, the mechanical 
strength (if tlu* furnace is siMiously inijiaircd 
and the advantage of the devne l^ doubtful. 

A picparation of gra]ihitc, bonded with 
suitable clay niixttircs, has rciently Im< n 
developed for Mu' construition of healing 
units. 'I'liis material, which can Ik* moulded 
to any shape, has a conritaiatively high 
s})ecific resistance and a reasonably small 
tompenituro coefticient. It docs not oxidise 
readily below 12.)0^ (^, and can Ih* uwd up 
to 1400^ (J. without senoiis oxidation, the 
bonding material forming a protective gln/e. 
It is In^iod, by modifying the bond, to extend 
the service of this resist'Or to still highei 
tomperatiires. 

From these mixtures eonvdiient tube 
furnaces can bi* made. It is also possible to 
construct crucibles for metal - melting to 
servo the purposes of Iwth the heating element 
and of the container of the metal. These, 
when suitably mounted, afford a convenient 
and rapid method of making expt'rimental 
meltincs. 

(ii.) Graphite Spiral Furnace^— The use of a 
graphite spiral as a heating element offers 
some advantages. Th^ spiral can bo cut 
without much difficulty from a graphite tube, 
tho pit('h and thickness being selected to 
give a resistance suitable for the voltage 
available. It is useful to shaiie the tube on 
the lathe before cutting the spiral, reducing 


tho thickness of tho walls at the ends of tJie 
tube. The uuri'ast* •in resislame at the ends 
bel]>8 to balance the heat lost then*, and a 
more uniform tem]>eratun‘ is pioduccd in the 
furnace. Thri'C inches of the lube should le 
IcA at (‘itlier end when the s])nal is < lit. ard 
thes(< ends^Hii U' moiinle<l as dt'seribed al iAc, 
in thi cinsi* of the .bon lubes, exce])l that, in 
thb cas<‘, no piei unions me iicceHsarv to 
allow for (lu exoansioii and contraction of 
the ftjiiral on heat mg and ('ooling, smci* it is 
sulticientl\ flexible to take ii]) the ihange m 
volume. In a.s.setnbliiig fm the ImbI nin tho 
spiral should Ite wrap(K*d in ]ia)>ci and then 
pat ked in vegetable blin k. It is found tliiit, 
when the ])npcr bums off, t he vegetabh' liliu k 
does not fall in between the giooves of the 
spiral. 

The resislaiue of ihcK- fuiiunrs is comivairt' 
lively high, (d (be ordci of I 2 obin (small 
sizes, 2 indies, may have a icsislamc up t*) 
an olim or mon ) 

'I'be spiral gives good seivnc if it-ducing 
eoiiditions aie iiiamt,iiii<‘d. but it is vciy 
fragile and reipnics to be handled willi caie. 
When broken, it m.iv 1 1 - iCjvaiied b\ |«isKiiig 
a curn'iit llintugli tlic fimune, when bial 
healing will occur at the fmctuit*. The jKiint 
of fi.utiire IS then toiid.ed witli a mixliiK* 
of )K)wdcied grapliite and resm t’n the end of 
a rod. The resm melts, runs mto lie* eimk 
and, on furtlicr healing, grajilntises, forming 
a sound joint.* 

! (iii.) GxinnUir c Furiian -- 'I'he 

granular nsistamc Inrmne is a (onvcnu’nt 
tV])C of fumin c wbcie ti‘m|s lat uies not much 
t\<wding IHlO ('. arc ivipiirid. 

The funuoe conhi‘'lh ( s.'^ iitialiy of two 
refractory tules wliidi an' mounted one 
iiibide the other, the annular sp.ii e I*e1w'(‘<-n 
them Is'iiig filled with granular giajilnte or 
carbon Fig. 3 shows a diagrammiitical 
sectioi through such a funmee. Owing to tho 
necessiu of krepuig the ends of the furnace 
cool, it IS difficult maintain an even tem|H'ra* 
tiire distribution. I3y constra ting flic furnace 
as shown in the diagram an even lemjH'raturo 
may Is; obtained over a le ngth of alsuit 3 
' inches in a luU- 12 indu s long. Ti e graphite 
powder eni ployed should be catefully gradetl 
(o secure muforniity in tiie size of parlich**. 

, A size commonly adojded will Iti-rnesh 

' sieve and is held by a 20 mesh, although 
finer grades are sometimes used. A granular 
( mab'rial rpAy be* obtained under the name of 
Kryptol. Tliis is supplied m various grades 
’'having a high or low s|s*<ilic resistarue as 
required. Kn'ptol consists of carefully graded 
: powdered graphite mixeel, in varying quantities, 
with a material (generally a foiin of carlxm) 
' having a high specific reaistanee. 
i A furnace has Uvn describerl in which 
i * Tarraut, Fataday Soc. TrOM. Ift20. 
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granular rhromiutn has Ixien ufied a« a 
roHi.stor.^ 

F\imace8 (if thi.s tyf)o can readily con- 
Btructcd to any him required, the limits being 



set by tiio HIM of the refractory liner tulie 
available ; powdered graphite or carbon is ] 
cheap and can 1 k' introduc«‘d into the furnace 
witliout distnantling ; the rosistanoe of the 
furnace is higii, thereby avoiding the in- 
convonionce of excessively high currents, heavy 
cables, and water-cnoU'd elect nxb'S. On the 
otlver liand, tlio necossity of using a luu'r tulie 
ijoriously curtails tlio utility of the furnace 
for many ex|)erimenbil purposes ; tlte tem- 
perature must be raiso(i candidly to avoid 
cracking the tuU', and, at high tomjK'ratures, 
there is a danger of the tube softening if local 
Iveating occurs. 

For work up to 18(X)‘’ (\, tulios made fnun 
mixtures of clay and alumina are serviceable. 
Above tliat tonqieraturo magnesia tulies may 
1)0 used. Furo magnesia tul)os and crucibles 
are a])parentlv not in suilicient demand to 
encourage manufacturers to produce them 
oommendally in this country ; they may, 
however, Im> made in the laboratory without 
great difliculty, not only in magnefiia but in 
pure alumina, zirconia, etc. The pure oxide 
is melted in a suitably designed arc furnace 
(see § (6)), tinely ground, mixe<l with a 
small quantity of jiowdcretl gum-tragacanth 
and moistened with water. The damp 
p(.)wder Ir-then proswed into a metal mould 
consisting of an outer tube and a solid remov- 
able core. When the mould is filled the outer 
tube may be removed, leaving the presscal 
magnesia tube on the core. A sheet of paper 
is then wraji^xHl round the magnesia tube, 
and, holding tlic tul)e loOvsely in the hand, the 
core can be withdrawn. If the oxide has been 
brought to the right consistency before mould- 
ing, this operation is simple to carry out and 

' Dony-Hernault, ComfAes Rend., 1913, dvi 


gives satisfactory results. By this means 
electric furnace i^irts, crucibles, etc., may be 
made from pure (JaU, MgO, ZrOjj, AljO,, etc., 
in tlio laboratory. The tubes, when moulded, 
should be( dried and fired, standing vertically, 
to 2000“^ in an electric furnace either of 
the tyjx) desenix'd above fitted with a magnesia 
liner or in a furnace of tlie rmg tyjx* (see § (4)). 
The re(piircd temjH*ratiiro oin also l)o obtained 
in an oxy-gas furnace. 

(iv.) ('oiitart Ke/^istance Furnace.—'i'hiH type 
of resistance furnace, which lias a wide range 
of appUeation, utilises tlie resistance at the 
contact of a senes of graphite rings nrmnged 
to form a cylinder.* 

For this purpose rings, having a radial 
thi(‘kn(‘s.s of alxuit a \ inch, are cut from 
a graphite rod or tulxs their 8\irface8 of 
contact making an angle of <51)" with the axis 
of tlio tulx‘, (This arrangement increases 
the stability of the furnace.) d'ho cylmder 
is preferably mounted in, a substantial steel 
casing, to protect the rings from sliock. The 
constnietioii of the water-jackets is similar 
to th(^ otiier tyjH'S descrilx'd alxive. It is 
found that w ith tins furnace it is not necessary 
to tin the ends of the gra})hito at the contact 
with tlio brass electrodes ; a tajXT lit gives 
satisfactory n'sults. 

This fimiai'c has many advantages. It can 
be ceiistnicti'd m largo sizes without tlie 
mwssity of using a heavy curn'nt, since the 
n'sisUuice of tlu' furnace may be mcnxiscd as 
ih'sired by mcn'asmg the numlicr of rings |x>r 
unit length of furnace tulx‘. Thi‘ cfTect of 
lioat I 0 H.SO 8 at the ends of the funiacc may lie 
reduced by incrt'asing the n'sistance at the 
top and the bottom m this manner. It is not 
necessary to use a liner tulx*, as in the case 
of tho granular resistance furnace, and, in 
consequeiKX. extreme temperatures (over 
2500° (\) can lie obtained when desired. 

However, a liner can be introduced if an 
oxidising atmosphere is reipiired. An even 
distribution of tem]x(ratim' can lie maintained 
by adjusting the pressure on tlie rings by 
means of suitably dia|K)8ed springs attached 
to the upper electrode. Tho furnace eventu- 
ally breaks dowm owing to the gradual 
oxidation of the grapliite. This usually 
occurs locally, at the top or bottom of the 
furnace, and it is only necessary' to substitute 
new rings in the place of those badly oxidised. 

The power required to run these furnaces 
varies considerably with the thermal insulation 
employed. Roughly sfx'aking, using alxmt 
0 inches of vegetable black and 3 inches of 
light magnesia packing, a furnace 3 inches 
bore and 15 inches long will take about 10 
kilo-volt-am])erea, running at 1000® C. A 

* Rosenhiiin ami raad-Pnor, " A Hlgli Ti'mpera- 
ture Electric Resistance nimace,” Faraday Soe. 
Trane, xiv. Part 3. 
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larger furnace, 7-mch bore, aiinilarly mounteil, 
would take 20 kilo-volt-amj)er©8 to reach the 
same teinjx^rature. The temperature ui 
graphite resistance furnaces may be raised 
as rapidly as desired, provide<l that they are 
not fitted with refractory liner tulies. 2000° 
C. may readily l>e obt^iined in 5 minutes 
without damage to the furnace. 

It is, of course, necessary to exclude 
oxygen from the graphite wlien the furnace 
is running at temjxjratures over 600° (\ 
The usual practice is to pass nitrogen slowly 
through the furnace when in ojicration. (The 
nitrogen consumption is small, 1 c. ft. ^^lll 
last for alK)ut 2 liours.) 

Northrop doscribes a graphite resistance 
furnace built up on the cascade principle. A 
carbon rt'sistanco fumace, avliich forms the 
outer heater, is run at lt>00° ('. The atmo- 
sphere uiside tins furnace becomes sjiturated 
with carbon vaiMmr, with tlie result that the 
inner heater (a gr^plutc tube about 8 cm. 
long, 1-5 cm. boro, and I mm. thick, screwed 
into graphite blocks) may bo raistnl to an ex- 
ceedingly high temperature, over 3000° 
without cbsintegration. I'lingsten can lie 
melted in this furnace without difficulty.^ 

Wlien working with any furnace which 
contains carbon or grapliite it is important 
that care should be taken to secure thoroughly 
adequate ventilation in the furnace - room. 
In small rooms arrangements should lie 
made to conduct the waste g.vses from the 
funifU’o out of the room, and on no account 
sliould gasi'S be yK'rmitted to leak tlirougli 
the furnace casing into tlu* room ; a proyier 
exit for the ga.ses should always bo provided 

§ (4) Indi'ction Fuknack — A furimte 
which promi.seH to liecoine a valuable addition 
to the eipiijunent of resoarcli laboratories has 
been devolo|ied by Northnip and has now 
boon pbiced on the market. 

Tlio fumaeo consists essentially of a 
primary coil of wire througli wliieli a oum*nt 
of high freijuenoy is jwvased (1200 or more 
cycles [)er second). Any conduct'or which is 
placed inside this inductor coil Incomes 
heated by the heavy secondary currents 
which are induced in it. 'rhus, a charge of 
metal in a clay crucible or a charge of non- 
conducting material in a graphite or metal 
crucible may be heateil rapidly and efficiently, 
since the energy is converted into heat at the 
point whore the he^t is rtiquired. 

The furnace aUo has great possibilities for 
firing hi very high temperatures crucibles and 
other articles ma<lo from refractory materials 
having largo negative tenl^rature coefficients. 
These couW be heated by enclosing them in a 
graphite cylinder until they reached a tempera- 
ture at which they became sufficiently gfxxl 

* N’ortfirup, MrlaUurgical and Chemical Bngineerint, 
1914, xil. No. 4. See also “ Furnaces, Electric, ’ | (e). I 


j conductors to carry large iiuluceil currents. 

I The graphite cylinder eouhl then Ik* removed. 

I This fumace oilers tibvious ud\antages for 
I work in mcuo (pun* iron has lH*en su* cessfully 
j meIbHi -n t'ticuo m magnesei crunbles), and 
i ah') lias the merit that it cannot easily lx* burnt 
j out. 

The initalmtion is. unfortunateh . cx|K'nNi\e 
I at the pi\-x'nt tunc but it is }HiSHible that, 
I when powerful lugli InHiiiencv alti'nmtors an* 
obtamablo at a n^asouablc piKc, tins furnace 
, will prove to ha\e a wry aule range of utility.* 
ti (.i) AlU' I' l RS \i L**. The an furmue is tlie 
earliest and most pnniitiw' tsjK* of eleitrii 
, fumace u»>d for e\|K*niiieiitJil work. (liner- 
ally Sjwakmg, it is oiil\ list'd when* the 
maximum tem]x*niture ohtamalde is requm'il 
and where overlioating ami contaimiiation of 
the eliargo an* not object loiia hie. 

'I'ho tem{K'niture in the arc cratiT is proha hly 
alM)ut 3r»(M)’ ('. -nitliough some m\ cstig.itors 
1 consider that tins cslimatt* i.s too low. 

, Sinc(‘, with an an- fumiKc, intense hxal 
' heating h alwavs obtained, n'fno toiK's of tlie 
highest grade only liave to U* emphiycd m 
its construction. ThotM* parts of (Im* furnace 
I c\jm)S(hI to the ma\imum (<‘mp<'r.it un* slinuld 
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which IS sl<*t(<d to hold tlie electrodes and 
hollowed out m the (cntn* to take the charge 
to Ik* meH«*d or a cniiihle ccttitammg the* 
charge. I''ig. I shows a diagrammatic W'ction. 



Fia. 4. 


Some such simple arrangement can easily l)0 
cxtem}X)ns4‘'. m the lalioratory. 

tVmveiiient and iqore eliilK»rate arc furnaces 
can lx? obtained in a variety of tyfK*s. The 
elixtrodes may lx; mounted horiz^jatally or 
inchneil at an angle of 4r/ to the hon/Xintal. 
In one form of arc fumace, wimetimes useful, 
the eUxtrod^s are vertical, the lower being 
in the form of a graphite; cup and the upper 
a rod, vertically alx<ve it, which can be ruisetl 
or loworcel os desircxl by meiins of a screw." 
Arc fiimjwes liave also^ lx?en designtxi and 
placexl on the market for the lint illation of 

■ Xortiu'up, " Principles of Inductive ffcaUng ^th 
nigh-frfK|ueiicy ( urrenU," Am, Klcrirochem. dOC. 
Traru., 1919, xxxv. 
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mat«rUU having high boiling- pointa, such as 
silica, anil for tho fusion, by a continuous 
process, of cousidorable quantities of refractory 
oxides. 

Tho c.irbon electrodes, which should be 
made from carbon giving as small an ash as 
possible, arc usually hoUl in copper or brass 
clamps to which flexible cables arc attacheii 
Tho clamps are mounted on a simple me- 
chanical device for adjusting tho length of 
the arc and withdrawing the carbons from 
tho furnaco when desired. If tho correct size 
of electrodes has been 8elocte<l it is not 

nooossary to water-cool the clamps. Working 
at a voltage of Ijotwcion 50 and 00, the carbons 
should bo approximately ; 

2-5 cm. diameter for an arc of 100 amps. 

30 150 „ 

4-0 250 ., 

H-0 „ „ „ 5(K) „ 

A useful tyj)(> of arc furnaco for gcn<*ral 
ox[)orimontal purfjoses lias Iksoii designed by 
Borehors. Tho carbons can readily be adjusted 
to work horizontally, vertically (tho lower 

being in tho form of a cup), or inclined 
symmetrically at right angles to each other. 
The furnace may also be used as a resistance 
furnace, t’or molting purpow^s tUrcot or 
alternating currents may be use<l. 

When running an are it is desirable to have 
an ammeter and a voltmeter in operation, 
by means of which tho course of the ex|K‘riment 
may bo contndlod and tho correct adjustment 
of tho eloctro<lc8 maintained. If tho an' is 
allowed to go out it is often diflicult to strike 
it again in tho nikUUo of a run. It will 
generally l>o found necessary t^» withdraw' tho 
olootrodes as tlio melt proceeils, since the 
atmosphon3 in tho furnace iH'comes cliarged 
with metallic vapours and the n'sistance falls. 

(i.) Preparation of Fused Refractory Oxides 
— It is sometimes reijuirod b) pixqmro fused 
magnesia, lime, zirconia, etc., in the labora- 
tory. For this purp <.)80 it has Ix'on found 
convenient to adopt the following procedure 
in proforcnco to tho usual continuous feed arc 
furnacos. 

Two largo grapliite eleetnwloa— say 0 inches 
diamoter — are placed alK\|it 2 feet ajmrt in a 
trough built in fire-brick. These electrodes 
are oonneeted by moans of a thin carbon tube 
or ro<l,‘1?alf an inch diameter or less, Tho 
trough, which is alxiut I foot deep, is then 
ftUevl with tho powder to bo i^jclteil and a 
hoavy current ^lassod tlm^iigh the circuit ; 50 
volts Iwtweon the electrodes is sufficient, 
•The carbon rod becomes hot, together writh 
tho ixiwder immediately surroumhng it. In 
a fow st'conds the powder becomes a sufficiently 
good conductor to carry a heavy current 
(since all oxides have a high negative tempera- 
ture eoetficiont of resistance). The oarbon rod 


soon bums away, having tho molten oxide 
carrying tho current. Since the system is 
unstoblo it is necessary to feed rin more of 
tho p)wdor to cool tho charge and to prevent 
it from burning out tho trough. By this 
moans a largo quantity of liighly refractory 
material can be quickly melted without 
difficulty. 

When manipulating an afe furnaco precautions 
should Ixi taken to protect tlie skin and, more 
particularly, the eyes of tho (qw'rator from the glare 
of the arc. Even a comparatively small arc — 1 
kilo-volt-ainperf! — can cause a severe burn on the 
skin of the face and seriously damage the eyes. 

§ (fl) Vai’Uum Fuunai'K. — TemiXTatures up 
to HMM)’ C. may conveniently be attained, in 
vacuo, in a silica tulx;. Silica tubes, with ono 
end sealed, may he obtained in any dimensions. 
Tbe objiH^t to Iw lieated is placed in the tube 
near tho st'alod end and tho tnl)e ])laced in 
any furnaco of a suitable size. The tulx3 
must Ih) of surticient length to secure that tho 
o|X!n end projeebs far enough out of tho 
furnaco to remain cool. This end may then 
1 k) plugged with a tightly fitfmg rublxjr bung 
titled with a glass tulx* leading to the vacuum 
pump. If necessary the joints may U' painted 
with sealing-wax \anush (a solution of sealing- 
wax in alcohol). 

For vacuum work at higher b'lnpcratures 
more elahorate equipment is necessary. It 
is possible to use bard porcelain tulies, as 
above, up to 1450" but they are liable to 
crack and can seldom be used more than once. 
If much work is to he carried out in utcuo, it 
IS preferable to use a furnace sjiecially designed 
for it. Tbe typo of furnace most widely used 
is tlie Arsem vat'uum furnace.' 

A graphito spiral forms the heating element, 
the emls of which are mounted in water-jackets 
in the usual way. I'he tubes carrying the 
water also serve to carry the current for the 
furnace, liie spiral and water-jackets are 
enclosed in an air - tight gun - metal casing, 
fitted with a small mica window for observation 
purposes. When running, tho whole funiaco 
is immersed in water to prevent the gun -metal 
ease from becoming heated. 

To avoid introducing material which, when 
heated, will give off volatile constituents, the 
graphite spiral should not be packed with 
insulating material which, in tlie absence of 
convection currents in the furnace, is un- 
necessary. To cut down the radiation, the 
spiral is enckxsed in a thin double-walled 
cylinder of graphite, the space between the 
walls of the cylinder, about J inch, being 
filled with powder^ graphite. A space of 
about I inch should be left between the 
cylinder and the spiral. 

The furnace can be used cotRveniently at 
temperatures up to 25iX)"'' C. Above that 
* Am, Ekdrochem. Soe., 1900, ix. 
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temperature the volatility of the graphite | 
becomes serious and the spiral burns out ' 
quickly. The life of the spiral, in t'ttcuo, it, 
about 1 hour at 3000 ' C., 10 hours at 2500 (\ , 
It will last f(»r many days at temperaturt'S 
below 2000" C. * ! 

it is found that, with this type of furnace, 
the b'lnperaturo may be calihrate<l in terms 
of the energy consumed, a fact which is 
sometimes convenient for high -tenqierutim' ' 
work when the presence of fumes makes (he 
manipulation of an optical pyrometer difheult. 

§ (7) Hioii - FUKSSURK Furnack.— A con- 
venient furnace for work at high pressure (up 
to 2(XK) atmospheres) has Ix'en designed bv 
Hutton and l’eta\cl.^ 

It is of the arc furnace tyjxs mounted in 
a steel shell lineil with cask iron. The elec- 
trodes ent<T througli s])ocialIy ilesigned slullintr- 
boxes. The furnace could Ik‘ modilied, if 
desired, for use as a resistance furnace. 

The vacuum and high pressure furna<es 
mentioned above are dcsigne<l to run, if 
nei'essary, at tcnijierature.s over 2(KX) ('. If 
lower temperatures only are required, it is 
a coinparati\ely simple matter to convert a 
platinum - w ound re.sistance furnace into a 
vacuum furnace by mounting it in a st/cel 
shell which can be evacuated. When used 
as a vacuum furnace, the thermal insulating 
material should lx* removerl and one or more 
clay or ])orcelain cylinders placed round (he 
platinum winding to cut down radiation losses. 

§ (H) (’athodb Ka\ FrHN.vcK.— For social 
purposes the heat developed by the boniburd- 
uient of a body by cathode rays has Imhmi 
utilised for melting pnrposi's. Small quantities 
of platinum, boron, tantalum, etc., have been 
melted in a silica bulb, using a 20 cin. spark. 
Massive aluminium catluxles and anodes wen; 
used.* 

§ (h) CJas FruNACKS.- -Although, in many 
ca8(;H, electric heating is to be prcferreil for 
laboratory work, there are simie purposes for 
which gas-liring i.s more convenient. For metal- 
molting on an ex|X'rimcntal scale, w here extreme 
accuracy of teftijierature control is not desinsl. 
and for the heat treatment of comparatively 
large quantities of material involving a funiaco 
capacity of a cubic foot or so, the use of 
electric heating becomes exi^nsive. In cases 
where temperatures between 1000° ( . and 
1500° C. are required, electric resistance 
furnaces wound with base metal wire are not 
sufficiently durable for prolonge<I use, and 
platinum -wound furnaces are too expensive 
in large sizes. Again, the use of carbon 
as a resistance involves 4he maintenance of a 
reducing atmosphere which is inconvenient. 

' Hutton, Itov. Sor. Phil. Trnnn , Scrie.H A, 1(X)8, 
ccvll. See also Fischer and Plotze, ZeiL fur anorg. 

DeuUtfhfn Chemitchin OeMllMchaii, 

1913, vol. xlv. 


There arc many typivs of gas furnaces 
avaiUble, and catalogues of siii dl meltmg- 
furna<'es jmd muffles for heat tn'atments of 
all kimfc uix' jmbli'.licd by a imrnlsT of (inns. 
From tncM' catalogues ilctaih'd dwriptions 
of the furnEUcs ( an bo obtained, and instruc- 
tions for ino and Innts for ctllcicnt nmning 
and upko< p art' supplied with tin' furnact;s 
by the mak<'is. , 

Tile llamc t< 'npiaaturc i»f a Hunsen burner 
is probably 'cry luar to ISOd (However, 
some aiithoi ities have otimattsl it to U' us 
high as 1H70 ('.) t'oal gas fed with itxygiui 
will give a tlaine Pinpt'iatiiri' of 220(V 
while the tempcratim* of the oxv hydrogen 
llaine is 24(M> C 

(Jencrnlly speaking, small natural draught 
furnaces will give temixTatnnH up to 1(50 ('. 
without difh(ull>. These- d(» n..t lequm' a 
great chimney elnuight a few bet of stove- 
pipe being sulhcient Id the small fiirmu-es, 
the C'linynghame muffle furnace is probably 
the most efliiient. 'I'his furnace is well 
“ lagged " with magnesia or kieselgulir, whieh 
iM cm loHcd in a uialitc case. A Ibinw'ii 
burner, or a )>etr(»lenm lamp, ls used to heat 
(he furnace ; no i liimnev is rt“<iuiie(l. 

In some typi's the air i« pre-licabsl by 
passing thrtMjgh tlin's running lound the 
(ombustion iliainlH'r , in Ihi'so fuinai’es 
13.5<r' can 1 h* obtainisl when in gmal ivpair. 

It IS advisable when installing a gas furnace 
to tit gas-pipcs leading to tin* furnini' rather* 
larger than the standard si'/.e ns oniniemh'd m 
the makers* <atalogU(*s. iiettcr n'sults are 
obtained with a high pressure through a small 
jet than with a low pressuie and a huge jet 

The furnmes ns siii>phc(l arc generally 
littiHl with lirc-tlay muffles. Increawnl eflici- 
eiicy and longer life can 1 m‘ obtuimsl by the 
use of carhoiundum muffles, wlmh have a 
high thermal cnduiamr ami a high theniml 
condu ’nity and arc well worth the extra 
initial <osi. Carhorumluni furnace parts 
r.iust m.t, however. Is* usisl in pUcos wheio 
they may come in contact with metallic 
oxides at lemperaturca over 

A small natural draught non nriiiienitivo 
furnace wid give a U rniK'rature <»f about 
JMKF (’. in a muffle 4 3 >' 7 inches with a gaa 
consumption of alsuit bt) c. ft. ia*r hour. A 
; muffle 12x0x14 imlu's would nsjuirt' alxiut 
200 c. ft. hour U» reach WKf 
i A natural draught lalx)rat<»ry furnace of 
the recuperative type was designed by Seger 
' b>r testing fefractorj- matcnals. Fig. 5 shows 
; a diagram illustrating the constniction of 
' the fumaf-e, The air, entering at A, is pro- 
heated by the exhaust gases bobire it roaches 
i the gas inlet at B. The flame passes up- 
I wards to the top of the furnace and then 
down the centre as indicated by the arrows, 
k With proper adjustment of gaa and damper» 
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a temperature exceeding 0. may ije 

attained. 

A larger recuperative furnace working on 
natural draught has been designed at the 
National Physcjal liahoratory for the liring and 



testing of experimental refractory materials 
and for exfterimeiital glass -melting.^ 

In this furnace the air enters through 
horizontal carborundum tubes which are 
Jieatod by tlie exhaust gases. FUj. II is a 
plan of the furnace showing the re<Mi|)crator. 



0, Air Inlet ; T, carborundum tubes ; R, clay baffles : 
P, flue leading to combustiiyi clumilwr ; M, < oin- 
buatlUD clminl^r. , 


A tenifffature of IflSO® C. can be reached 
in a working space of 30 \ 18 x 15 inches with 
a gas consumption of about 050 e. ft. per 
hour, showing a high efficiency. The furnace 
is silent in operation and can be left at night 
AV'ithout attention. 

A furnace has also been designed to work on the 
regenerative principle. This furnace has two 

• RoHonhsln and Ct>ad-Pr\’or. *’ A New T,n>e of 
Recuperative Funwee,’* Cmmie Society Trant. 
xviU. Part 2. 


regenerators, and the exhaust goaes and the incoming 
air art' paswd through each alternately in the usuij 
way. Temperatures up to 17(K>“ (J. may 1 h' obtained 
in this fumaee, hut it has certain draw hacks : . the 
air and gas an' intnsluced under pressure and the 
valves controlling tlu? regenerati»rs have to he operated 
every half hour. Consequently the furnace cannot 
Ik‘ allowed to run unatb'nded and ui tins resjx'et is 
inferior to the reciifM'rator funiaoe (lesenhc'd aliove. 

To obtain the maximum tomjieratures, it 
is necessary to ensure efficient mixing of the 
gas and air to produce a short Hame. 

§ 110) SiruFACE CoviBirsTfoN Foknacks. — 
The surface combustion furnace offers many 
advantage.s for the production of very high 
ti'inpcratiires if certain jiractical dillicultics 
relating to it could lie overcome. 

In this systeiUi of firing, the g.'is and air 
are fed into a mixing chamlx'r iti the propor- 
tions nspiircd to give complete combustion, 
(in practice a slight ('xeess of air is generally 
ustMi.) The explosive mi:^ture is then forced 
through a porous refraetory maferial and 
burns (piictly at tiio surface of the refractory, 
winch roaches a high teiniKirature to a depth 
of about a i inch. The suecess of the furnace 
depends on the maintenance of the correct 
mixture in the mixing chamber and on the 
careful rc'gulation of the velocity of the gases 
through the porous refractory. The refractory 
surface should Imi composed of a material 
having a high sintering point and a low thermal 
conductivity — such as fused zircoma. 

§ (11) Hiou-phessurkBi’RNkrs.— Temi>cra- 
tures up to KioO' (A or 1700 ' (!. cun ho obtained 
by the use of burners designed either to work 
with gas at a few inches pressure and air at 
high pre.svsures (up to 80 or UK) Ihs. persq. inch) 
or with both gas and air under a low pressure 
of a few' jiounds. TenifM’ratures uji to 17(K)' (!. 
can be reached rapidly without pro-heating 
the air. With pre-heatc'd air IHIXF C. or 
more can he attained. These burners are V'ery 
noisy when working, they give an intense, 
cutting flame, and it is very difficult to 
obtain a uniform temperature in the furnace. 

There are no fire-clays wliich will withstand 
the cutting flame of these injector burners. 
The life of the furnace may be prolonged 
somewhat by coating the walls and floor with 
a wash composed of carborundum with 5 per 
cent of refractory clay. This must be renewed 
fnim time t<^ time, since the carborundum 
oxidises slowly at temperatures above 1500*’ C. 
To give a long life, the furnace should be 
line<l with a half-inch layer of ground fused 
alumina mixed with 10 per cent of china clay. 

Where very high (ftimperatures are requir^ 
compressetl oxygen may be used instead of 
air. Temperatures of over 2000® C. may then 
be reached. The furnace must then bo lined 
with lime, magnesia, or zirconia, to withstand 
the cut of the flame. 
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Where possible, governors should be fitted , 
to the laboratory' gas mains. This is particu- I 
larly desirable if the furnaees art* r<Hi\un*d to ' 
be left rutining at niglit, since many gas i 
companies reduce tlie gas prcs.sure during the j 
night. (Jovcrnors. for use with funmccs i 
reipiinng both gas and lur under pressuie, ' 
can also be obtained to adju.st, automatically, j 
the relalne jiressures of gas an<l air to eiiauie ; 
a perfect mixture. i 

§ ( 12 ) Mi.se ni.LANLOi s, -Where a supply of ! 
gas is not available, furnaces opeialed by ' 
paraffin can be uwd. The paraffin is fed, ! 
under pressure, into a burner which \ap^>rL^es ' 
the oil, producing a hot Ha me. Such a , 
furnace will heat a H)-lh. crucible to 14 r>(V’ . 

in about one and a half hours with a (on- i 
sumption of about half a gallon of parallin | 
jHT hour, • I 

ExjK'rimental fuinaet^ lired with coal and j 
coke an* in use, princijially for lO'S^iNing and j 
melting juirposes, where ga.s is not availatih*. j 
A convenient fuwace for certain classes j 
of te.st work— particularly for the deUTinina- | 


ti( n of the softening jannl of refractories— is 
the well-known IVville furna<*»,*, winch eonsiKta 
of a ndractory cylindrical wisi*, usually alKud 
12 imhes i.i diameter and IH inches high, with 
(in iron grating ut the h(»ttom. 'fhe sfssimens 
to U* heatisl ar* placed in a rcftaclory luUi 
in the cciitn* ot the furnace and the space 
iK'twccn th« 1 u1k‘ and tltc outer caMiig jiacktsl 
with coive air hi t is introducrsl tliroiigh 

the grating 'fbe toi.e, wlnrh is lirst lu'atiMi 
by ga.s, rapidii b come** incundcstcnt and 
v(‘r\ high ti'i'.ijM'raturcs may Ik* obtained in a 
few minute.s. 'I'lic in.iximum ti'inperatun* is 
UMially about [\ jm lies fn>m the bottiPiii If 
.suitable coki* has Ins'ii selected, jilntinuni can 
U* iiK'ltcd m tins futnaic. 


For details of insulating materialH, m<s* article 
on •• He.it, (’onduiti'Ui uf," § (:{), Vol. 1 . 

K A 1 * 

Frsiiu.K .\li.o\s. Sis* " .MIovs, Some S|H‘rial,'’ 

§(7). 


„ ( 


I 


7-iKo.N. See “ Iron-cat lion Alloys,” § (,'{). 

(lALVAMsiNo : pnncnting eorro.sioii in iron 
and steel by applying a probative coating 
of zme. iSoo “Metals, JX'hat.s and Faihm* 
of.” § («). 

Gas FiTHV\rKs, S(si “ Furnaces for Ijvbora- 
biry Fhc*,” ji! ( 0 ) 

Gashotj.s Kkaounts for etching inot.ds and 
alloy's. Se(> “ Metals, Mu'ro 8 co[ue Examina- 
tion of,” § ( 2 ) (ill.). 

Gicodetic Hase, use of Invar in mea.su reim'iit 
of. See “ Iinar and Flin\ai,” § (lb); 
also “ pSurveydng Tajics and Wires,” 
Vol. III. 

Gibus, Wili-aru, phase nile of. S((e“ Alloys, 
roiistitutum of,” § ( 1 ); SCSI also “Phase 
Rule,” Vol. I. 

Girders, made from mild earlsm steel. 
Analysis ; mocharuoal tests. .Sec* “ (Steels, 
Special,” § ( 40 ). Table 0 . 


Hardenino, in carlwn steels, con.si.sts in heat- 
ing alxive the critical range (Ac,) followed 
by quenching in water or oil. In other 
steels (such as high-speerl tool steels) higher 
U'mixsratures and slo'ifer rates of cooling 
are used. Bee “ Steels, Sj^ecial,” § (43). 

In connection with plastic deformation of 
metals. See “ Metals, The Relations of 
Strain and Structure,” § (1). 


Gla.ss-mkltino FruNACKs S(s* “ FuniaccH, 
Flectiu (If). 

Gradient Firwck.m. Sw “ Ku maces for 
Labonibny Tsc.” § ( 2 ) ; also “ .Mt'tals, , 
Thermal Study of,” f) ( 2 ), 

GRANri,AR HnsisTAM'E FrusAiM':. Siv “ Fur- 
niicos for halx-rabuy § ( 3 ) (i )• 

Graphiti:, furmue for making. Sim» “ Fur- 
luua'S, Kle(tn< § (o) (ni.). 

Ghai’HITk ('oN.sTtTi'i ion \mj Propf.rtieh. 
Sec “ RcftiU tonc.H, ' (fj), (43). 

(iRAPlIli RKMlSTANf'E I'rRNAl K. S«c “ Fur- 
noecs l-.i Laboratory Tw, ’ i| ( 3 ). 

Gkaphitk Spiral Fi hn'ai ic. S(>c •* Furnaces 
for Raboratery Use,” § ( 3 ) ft;. 

“fJuoo” CS rsKD IN Reiractouikh. S»w 
“ Rcfractoic a , ' § ( 10 ). 


Of HtcN-l. See “ Iron-carlxm Alloys,” §§ (1 l)f 

( 12 ). . 

Of steel, theories of. See ihid. § (12). 

Hardenitk, theory of its presence in stfR>l. • 
See “ Iron -carbon Alloys,” § (12). 

Hardness of Special Steeia P'imell and 
Shore methods of testing. See “ Steels, 
Special,” $ (2). 
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HEAT THfEATiaaSfl^INVAR AND, 

1 — — SI 


Heat Treatment: the method of eecttring 
certain deairixl conditions in a metal or 
alloy by a series of changes of temj^era- 
ture applied at definite rates. See 
“ Metals, Defotits and Failure of,” § (5). 

Of stiwl. S<M3 ” Iron-carbon Alloys,” § (10). 

Heatino ('urvk in construction of equilibrium 
iliaKram. See ” Alloys, (.Constitution of,” 
§ (2) (iii.). 

HAroult Furnace : a typical furnace f<»r the 
roduetion of iron ore. Designed by Heroult 
in 100(5. See ” Furnaces, Kloctrio,” § (4) (ii.). 

Hiou Fermeahility Steeus. S<^e “Steels, 
SjKjoial,” § (fil). 

Hiou-pressurk JiuuNERS. Soo “ Fumoces 
for lijdsiratory Us45,” § (U). 


High-pressitre Furnace: a convenient fnr- 
nace (of the arc furnace type) for work at 
high pressure, designed by Hutton and 
Pctavel. Sec “ Furnaces for Laboratory 
Uk',” § (7). 

Hioii-speei) Steel, used in cutting-tools 
(machine) to withstand heat duo to heavy or 
fast cutting. See “ Hti'els, Si>ccial,” § (47) 
(ii.), Table 18. 

Hot Kollino : passing heated metal through 
a ])air of rolls. Sw “ Metals, Thermal and 
Mechanical Tniatnumt of,” § ((i). 

Hot Working : jtroducing changes of shape 
in a metal hy tlie a])plicaiion of stR'as while 
the metal is hot. See “ Metals, Defects and 
Failure of,” § (15). 

Hyohooen in steel. See “Steels, SjK'cial,” 

§ (12). 


— T 


Illumination, Normal: the motliod of 
illuminating a H|)e(imen under microscopic 
examiuatioii so that the light falls upon (he 
Huifai'e of the sjauTineii in a direction at 
right angles to that surface. Sw “ Metals, 
Microscopic Kxamiuation t»f,” § (0). 

iMruRiTiKs in steel. See “Iron-carhon 
Alloys,” § (14). 

Indireot Arc Fuunaok : an arc furnace in 
which the arc is struck betwinm the electrodes 
and the charge heated by radiation. See 
also “ I^irnaces, Kloctric,” § (2) (ii.). 

Inueotion Fuhnaoe. See “ Furnaces for 
Ijaboratory Use,” § (4) ; sihi also “ Furnaces, 
Flectric,” §§ (4) (vi.), (8). 

Ingots, structural deffK'te in. S(H7 “ Metals, 
Defects and Faihm' of,” § (2). 

Moehanical ilofeots. See ibid. § (2). 

Internal Stress : a i.auso of spontaneous 
('racking in hardened steel. See “ Irou- 
oarbon Alloys,” § (11). 


INVAR AND KLINVAR 
1. PRorKRT;iEs of*thk Material 

§ (1) l)^»NmoN . — Inmr (short for iwedriable) 
is %n aUoy of iron and nickel which is practically 
destitute of thermal expansibility. 

El inmr (short for elasticity iwA'ttriablo) is an 
alloy of iron and nickel, with a considerable 
admixture of other metals or metalloids, 
* ptissossing an invariable modulus of elasticity 
(Young's modulus). 

The charaoteristio qualities of invar and 
elinvar are due to an anomaly which affects 
all the properties of alloys of iron and nickel 


'Hie essential features <»f this anomaly are 
described below, 

§ (2) Revkrhimlk Ali.oyh and Ikuevkrs* 
ini.E Alloys. —Tlio lirs( of the peculiar 
[»ro{»ortic8 of allots of iron and nickel ivos 
discovered in 1888 hy Dr. John Ho])kin8on. 
An alloy of iron with 24 |)er cent of nickel, 
if allow ( h 1 to cool fioin the tmuperaturo of 
the forge to that of the air, is non-magnelic 
and relatively soft. On the other hand, if 
its tenifKiraturo has liecn consulciably reduced 
and then brought back to its initial value, the 
alloy is magnetic and hard, and its volume is 
found to he increased hy about 2 ]>er lent 
To restore the propt'rti(!8 that it ^losseseed 
before cooling it must again l>e raised to a 
red heat, (luillaume showed (ISOti) that the 
transformations of the iron and nickel alloys 
may lie rejirosented as occurring along two 
curves which, starting together for iron, 
separate from one another as they jirocoed. 
Of these curves AB {Fig. 1) repr-wnts the 



occurrence of magnetisation on cooling, and 
AC the disappearance of magnetisation on 
heating. All the alloys comprised within the 
region of these two curves undergo irreversible 
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diliHfoim&Uanii, and may be oHlkvi, fur brevity, • 

nlhy^i. ' 

f For bii^lier iH'rcentaKc® of nickel, the alloys 
ilden<o roscriiblc tnilwformil^lo^^^ : the our\e 
Mh‘»ws tho t4’injn'ratun-s ut uhkh thew 
Iluvrt commence to lx' luat'netic when the 
^U)H'rature u fallnt^, and ccjvm' to lie iuai>netic 
fKoji the tein [HT.it ure \'i riHUi;; (<JailUuine, 

. Osmoml, IHIIT). UumaLM found (lt<it7) 
llat the I urve^ td the t\\<i kimls < ut one 
lAolher, and (’lunenurd pnoed (lUl.l; that 
V* I'urvc A If lenda towanl^ absolute iem for 
jbe alloy cont.iiinnj' two atoinie [larts of mm ^ 
It one of niclvcl 

All the propertii'a <•( the nickel st«>ol iillo\8 
^ I'D dejMMident upon the tran.donnattonH in<b- 
Med by the oi uirretu'e un<l pro}.»re^M\ •• 

' , SK're.'use of m.ioiicti'.,ition, it its de< re.i-«- 
"Jltl di'fip|M ar ini c in \\h..t t'-lloHs «e will 
ptihne onr attention to tin- ie\ers|hlo allots. 

15 (,'1) ( oi-.KKsfoMiiso Stills. \n allo\ of 
,rhi. h the eoinpositi >11 vnd the tcmiM iaturc 
'le leptescnteil b\ the point a is imn inaoi.etii . 

■' ^0 IS an .»llo\ icpp Ctlted by the point h. 
tlu- other hiiiid, th<' pomt c represents a 
^^'lU'in .il]i\. We ina\, leouoii. iea<h 
‘^e |K)inl c hv staitin;; fiom u, if the ti-mpcia 
' Ure Is iiiain1<iiiu*d lonstant and tlw loinposi 
lull of the ulloi aiti r<'<l lu a (ontinuous 
' jymiier. < 'on\ ersi'ls , we ina\ p.iss from h to 
/ by retaiiuni' the same roinp.>sitio:i and 
lianuim' the t< mpmatiire for points not, 
Do remote from the <ur\<' hi!, the nniemtisa- , 
ion iiKnM.S4‘. eoMslantlv m both thes<- i-ases, 

' Jlie iillovs situated on the stiaiirht hoc m 
^11 [lass through all those sUsi eplduhtlcs 
rbieh are im-t with in one and tia' wiliio 
'^Jlov ftloin; tlu* .straiu'ht line ht . ,\s n-jiards 

Thaeeptihiht V, each point of tlie straiv'ht line 
p eorrt'Hponds to a Hinij:le point of the straii'ht ; 
mem', aiul the scTies of points will U* arranyiul | 
a the !Mun<‘ order. If we sai that the alios , 
javim: the same stisis plihililv on these two 
munn'iifs of straight lines niv »?/ rotn 
Utlfn, we .shall U* able to ion<ei\«' ii law of 
orresjKmdinir states whu h ina\ Ik* formulated 
.11 the follow injj; terms . 'I’he projH’rtios of the 
ontinuoua wrioa of alloys with iru reasiiiK 
'KTeeiitapc of nickel, eonsiflered at the same 


eumpi 'TH] siulely of iron and nickel in tJte pum 
but eonUin alao Hniall ipiantitiea of 
man^'ancm*. larUm, aiui tulieon, which are 
ineiiialde nietHlliM>:ieHl pnnlucU, or in 
dis[ienMible foi tlu* working up of IvifK. Aa 
will U srfuMi further on, a detAiUnl examination 
has nuule it possiMe to cstahiisli, for eaeh 
|>*‘nentafr< conient of nickel, the ehaiiptsH 
which the p? Ip I ties f the alloy uiulerjjo 
< orn'sjxmdnu; to the iinantities of inuiiitancHo 
ami earbi n eonlai ud u\ if, ami also to dtalueo 
tipieal t^.nditions. 'I'lie followinjj; data refer 
allos.s lontnininp tt 4 Mn and (> I (' |»er ixmt, 
Alios rolh'd when hoi ami rooleil in tho 
air will U* mill'd “ in the natural sta1e.“ 

<}(."») Km'snsihm.h \ . 'rills is n.sually ex- 
juiswd hv an isolation of the form 

I un af / 1 

where a and .i are (SKnuients which me 
luietanl throuj^hoiil a wide laiifjc of tem|)<'ra- 
tuic The cNpansihihtu's of the im kcl stis'l 
alloHiaii onl\ Ih' iiprcscf.ted h\ an cijiiatioii 
of this foim witinn latlicr narrow hmils of 
ti'mjM’ralnie 'rhrou|.:hout the rmipe 0-40' ('. 
.i ill mites a iju.ndili whuh ih sullieiently 
loiistaiit lo admit of the ispiation Ix'lllft 
apphi d Kor the t v picul alloys ” in the natural 
stati* ’ the values of a and d, in teriiiN of the 
IsTientaite of nu ki l. aie reprcNent<*d by the 


u*a 



} m 


eur.es II, /■’if/s. 2 and 11, It hIioiiII Ik? 

mentioned (hat IIu*m* eoi'nieienlh refer wlrietly 
to the b'lnpentuie of 2t> ( only. 

In /’<</. 2 thi two atraighi lim s AH and CH 
indic.it,c the expatiHihihtieH whiih might bo 


emjK*raturc, are reprodmed’ in the proja-rtieK 
I one and the same alloy, eonaidensl at 
outinually diuTeaKing tempemture«. 

! It w true tliat an exhaustive invoatigatioii 
'f ’these alloys shows that the above law, as 
pplieil to all their pro[»crtieti, is not ngorously 
xact. The law is, howi*ver, sufheiently ehwic 
yO the tnith to enable us, after studying the 
■Properties along the line nr, to predut what is 
ikely to occur alontr the linf hr. shall tind 
pxampleK of this further on. 

j5(4) Nati’Rk of thk Au,ovs.— I t should 
be clearly understorwl that the alloys whose 
|>ropcrtiea are about to be deacrilietl are not , 
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Kia. .1 

prwlieted from the Law of mixture", if the 
irrm were considered in the two caww os stable 
when cold and stable when hot respectively 


vot V 
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(alpha iron or gamma iron). For the alloys 
rich in iron the expansibility actually observed 
is greater than that given by the line AB ; as 
the percentage of nickel increases, the expansi- 
bility curve falls below the lino AB, while 
for all the alloys it is lielow CB. Theoretical 
considerations show that the latter representa- 
tion can alone be correct. 

Commencing with a high value, at the start- 
ing point of the reversible alloys, a diminishes 
very rapidly, passes through a minimum, then 
increases and attains the value proper to 
nickel. The minimum represents invar : 
Ni = 35'C per cent, a=l'19 x 10 ®. 

The values of fi exhibit a no less marked 
singularity ; referred to the straight line 
representative of the law of mixtures, they 
present an anomaly at first. The values arc 
greater than those given by the normal curve, 
then they become less. In the region of 3()-f)l 
per cent of nickel, the values of ji are actually 
negative, a property which has not been met 
with, up to the present, in any other series of 
alloys. 

Combining the values of a and wo sec 
that the curves of true expansibility for 
temperatures slightly greater than 20' C. 
deviate from the normal curve in an upward 
direction for the alloys containing Ironi 25 to 
30 per cent of nickel, then from 30 to 51 per 
cent they deviate downwards, and at 51 pei 
cent pass again above the initial curve. 

Owing, however, to the values of f-i given 
by the curve in Fig. 3 not being sufficiently 
exact, for most of the alloys, except within a 


depends upon the processes to which thej 
have la^en subjected. The effect of reheating 
followed by slow cooling, is to raise the centra 
portion of the curve ; that of sudden cooling 
(quenching) is to lower it. Such proccsset 
as hammering or working up (rolling, forging 
cold drawing) also depress it. This lowering 
effect may be so considerable as to lead, ii 
the case of invar, to negative values of a 
Moderate heating (100 to 200° C., for example 
raises the expansibility of alloys that hav 
been quenched, or subjected to the processc 
of hammering or working up, and even u 
alloys “ in the natural state.” By therme 
treatment, an alloy of the a negative tyj) 
may be brought up as close to a = 0 as ma^ 
bo desired. 

It will be noticed that ji passes through it 
zero value preeisdy for invar, and according! 



Kio 5. 


the expansibility of this alloy is linear, at le£ 
within a moderate range of ternjierature. 

§ ((>) Ei'Fect of Additional CVinstitern^ 


\WTow tai\g,e ol tompcraUite, Uie curves \ — 'I'ho proja^rties 
cotrespoud’vng, lo the several temperat, vires can \ of the ternary 
only he drawn with precision after direct \ aWoys can only 
detorininations. We have shown in b'vj. 2, \ \h' represented 
as an example, the curve corrospondmg to 1 satisfactorily by 
’dVJQ’ t'. ; t\uH still pteserves a trace ul the \ m c a us of a 
cousequeuces vsluch 1 Vluthnc diagram 



Un,CrC 



follow from the values 
of 'fi at 20’ 

'rile cxpau.sion of 
a bar of a nickel 
.steel alloy, i>f any 
percentage conipo.si 
tioii whatever, is re- 


I' lU. i. pre-senU'd m a general 

»way by u curve, 
such as ABCDEF {Fig. 4), in which all the 


otfoct^^ lire to the change.s of fi as indicated 
by Fig. 3 are reproduced. Here wo have an 
example in support of the law' of corro.s])ond- 
iiig state.s. 

The curve FA' indicates the contraction 


which, in the absence of anomaly, the alloy 


{Fig. 5 illustrates Fio a 

this) ; all other 

modes ot representation involve some r 
trary assumption. In the ilingraiiis g 
hi'low, the pereontage.s of nickel are reta 


a.s abscissae ; 
hut in tliis case ‘ 
the percentage 
of iron IS the differ- 
ence between ItK) 
and the sum of 
the i^ercentage.s for 
nickel and the ad- 
ditions. With this 
rcservatKMi, the 
path of the inini- 
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should undergo on cooling The distance of mum of expansi- 
A' from the actual curve denote.s, for each bility {a,f) is represented in Fig<i. 6 and 

tem|H'niture, the intensity of the anomaly. terms of abscissae and ortlinates. The firs! 

'I'he expau.sihility of niekel-sU'el alloys of gram shows that the abscissa may be dispi 
percentage compositions close to that of invar either tow'ards the high or towards the low 
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lentages of nickel ; the second, that all 

F lditions increase the ordinate of the 
inimutn. 

In Fi<j. 8, the curve relative to the typical 
alloys is reproduced, as well as the curves 



Fjg. 10. 


The maximum and the minimum indicate 
two zero values of the thermoelastic coefficient, 
which correspond respectively to the first and 
the se(!ond intersection of the curve A {Fig. 9) 
with the axis. At 
ordirary tempera- 
tures these tv/o 
alloys possess the 
property indicated 
by the name elinrar. 

It should, h(;W'- 
ever, bo noted that 
the value of E is 

only zero in virtue of the existence of a maxi- 
mum or a minimum of Young’s modulus, 
and therefore within an indefinitely Binall 
interval of temj)crature. 

The form of the (Uirve A {Fig. 9) is in almost 
complete agreement with that of the curve of 
expansibility ( Fig. 2). If it is assumed that the 
curves will remain similar in the case «if the 
ternary alloys, we may infer that the additions 
will lower the maximum of the curve A. 

Experimental results have verified this 
view, and it is now known that, by means of 
suitable additions of metals or metalloids 


lat of cojipcr or carbon diminishes it. 

The coefficient of thermal variation of 
oung’s rnoduhis (thcrrrioelastic coefficient), 
^{(IKIdO), exhibits with respect to the per- 
Intages of nickel an anomaly ipiite as 
miarkable as that of tho expansibdity. The 
Mues of this coefficient are represented, for 
fe typiiail alloys, by tho cun’O A in Fig. 9, 



iftferring to the highest porcent^ages of additions 
hat hav(‘ been realised 
§ (7) Er.ASTKJ Propeutirs ; Yon no's Moun- 
.uy ANii ITS Thermae Variation.— F or the 
hole series of reversible *alloys, Young’s 
lodulus, denoted tiy E, is less than tho 
lilue derivefl from tho composition : its 
tinimum value, which is situated in tho 
igion of minimum ex])ansibility, is, for tho 
inary alloys, 1-4 KJi'^ C.U.S. The presence | (with an unlimited range of choice), tho curve 
! 1 ‘hromium or manganese increases its value, , representing the values of E can bo made to 

touch the axis (curvo B, Fig, 9). If tho 
addition consists of chromium alone, this 
condition is realised when tho quantity added 
amounts to 12 yior cent. The effecit of other 
additions will of course be to deflect the 
maximum to right or left, as in the case of tho 
expansions. 

Aj)j)Iving tho law of corresponding states, 
w(i see that, for a given alloy, the zero value 
of E will necessarily come between two negative 
values. The cotnjilete curvo for one and the 
saino alloy therefore have tho form 

represented by the curve B (Fig. 10), in which 
j two rlcsccndmg branches, of strongly marked 
curvatun , arc connected by a pf)rtion w hich 
may 1^* rn.idc hon/ont;il ninl whnh indK-ats'S 
the cxisbnnc of alloys hayiny an invarinhJe 
inodulu.s of clasti<ity, arifl therefore really 
clnuar ((Hiill.intiic, 

(H) IwTiniiiT) When the tem/ierntare 
of a liar of t< > kobstcci of tvpHal jiuar w 
altcriMl from the \aluc C, to the value Sg, 
the bar 4lo«*s not rnimcdirits-lv as'^innc ita 
definitive length , if e, ^ 0, the bar, after 
increAHing in length in c< mb )rnnty’*'wl%h ita 
expansion eipiation, exhibits a small retro- 
gtade effect, whidi may Is* d«-l<‘cted during 
a j>erif>d me,afurp»l hy ni mules, hours, <lays, 
or even weeks, dejs-ndmg fm the value of 
fig and on the state of the bar. If n_*st/<jred • 
to the temyxTature !>,, it shortens to the same 
extent as if imreaseil in length when its 
temperature was first ult4*red, and then under- 
g‘>e« an elongation, whifh takes pla<e miire 
slowly than the aecular change ol^*rve<J at 


Fio. y. 


' at hr-l neg.vlv\e, iu>. m nil tither metals 
hut ?w* a.s the jx-n'entage i>f ni< kel 
s, pass through z*to, lontirnie to n-e 
l }>ositiM' maximum is mu bed, ami then 
. to arnve finally at the \alue prfqsw 

feel. 

\ allies of the quadratic term in the 
Icte formula have not lieen delertumeil 
JlprtH'ision for all (he |lloys By aid of 
law ''f corresjxmding states we may. 
Itver, conclude that the siu'cessivc values 
Young’s nuKlulus. for one and the same 
loy, throughout a wide range of t<*miMTature, 
» reprt‘scnted by a curve such as A (fig. 10). 
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$ 2 , and may be traced for years at the ordinary 
temperature. 

These actions arc subject to laws analogous 
to those on which the changes in glass dei)end, 
which have long been known to physicists 
from observations of the zero point of mercury 
thermometers. It appears, moreover, that 
the total action observed in both of these cases 
is due to the superposition of two distinct 
phenomena : a change of a transitory char- 
acter, and a progressive change. 

A bar of typical invar, cooled in air from 
the temperature of the forge and maintained at 
lOO” C., elongates at that temperature by 
about 30 jx per metre, and this expansive 
action may be easily followed during 100 hours. 
If the bar be then rapidly cooled to 0° C. after 
its first contraction, it again elongates, in the 
course of some years, by an amount also close 
to 30 /i per metre. If it be then heated to an 
intermediate tcmjicrature, the bar shortens ; 
the observed differences between the initial 
and the definitive value at each temperature 
may then l)c adequately represented by an 
eipiation of the form 

Ai - -aie\ 

6 being the Unnperaturo reckoned from 0'^ C. 

For bars of typical invar (with 0-1 per cent 
of carbon), it is seen from what precedes that 
a is approximately 3 x 10 *. 

This (!oefficient varies rapidly with the 
percentage of nickel in the alloy : between 42 
and 43 })cr cent of nickel it vanishes, then 
assumes a negative value and rises slowly, 
to become definitively zero towards 70 per 
cent nickel. 

Regarded from another point of view, a 
depends on the proportions of the additional 
constituents contained in the alloy. The 
presence of manganese or chromium diminishes 
its value, that of carbon increases it, and it 
can be shown that a nickel-iron alloy containing 
no carbon whatever would bo perfectly stable. 
We are justified in concluding from this that 
the instability is due to the slow transformation 
of ceraentite (Fe;,C) ; in fact, if a small propor- 
tion of chromium be added to a nickel -steel 
alloy, poor in carbon, the stability of the alloy 
is found to increase to such an extent as 
to become alrapst perfect ; the chromium 
combining with the carbon and preventing 
the o,»mbination of the latter with the iron 
(Guillaume, 1920). 

Until the discovery of the causes of in- 
stability had made its elimination possible, 
this defect had always prevented invar from 
being employed for the construction of 
reference standards, and had restricted its 
use either to standards of the second order 
or to auxiliary standards. Artificial aging 
(heating to a moderately high temperature, 
100'’ C. for example, followed by extremely 


slow cooling) was found to reduce the in- 
stability considerably ; and a knowledge of the 
laws of instability made it possible to adjust 
measurements by corrections which, if given 
precautions were observed, restricted any re- 
maining uncertainties within narrow limits. 
The complete elimination of instability will, 
however, considerably extend the sphere of 
utility of this alloy. 

§ (9) General Properties of the Nickel- 
steel Alloys. — The reversible nickel-steel 
alloys are extremely tough, and absolutely 
devoid of brittleness. In the “ natural state ” 
their elastic limit is not very high, but their 
deformations under mechanical strain are 
completed very rapidly, so that under a 
tensile test that part of the test-piece where 
the break would normally occur becomes 
very hard ; the” contraction is arrested, and 
tend.s to take place at some other point of the 
k^st-picce. In this way the test-piece becomes 
toughened uniformly throughout, and when 
rupture occurs, under a^ tension which may 
amount to 100 kg./mm.^ (about 00 ton/in. 2) 
with an elongation of 30 to 40 ixsr cent, the 
test-piece has been uniformly reduced in 
sectional area and uniformly hardened. The 
presence of chromium, tungsten, or carbon 
raises the elastic limit. A very small propor- 
tion of manganese facilitates forging ; when 
larger proportions are present, up to 5 or 0 
})er cent, castings may Ix^ taken. 

Tempering soiftens the alloy. This process 
is sometimes resorkd to in order to facilitate 
the operation of drawing. Alloys of typical 
invar, even when cr)ntaining relatively high 
proportions of hardening admixtures, may be 
drawn into very fine wires (0-03 min. lx)ing 
attained without difficulty). 

The nickel -steels take a high polish, free 
from surface pores, if the alloy contains 
sufficient manganese and carbon. They arc 
incomparably less oxidisablc than ordinary 
steel. When the surfaces are well polished, 
lines traced on them with a diamond exhibit 
jicrfect clearness of outline. 

II. Applications 

The extremely small values, practically 
zero, of the coefficients of expansion a and the 
thermoelastic coefficients e have given rise to 
numerous applications ; as have also the 
anomalous values of jS, the coefficient which 
regulates the curvature.of the expansion curve. 
The practical uses to which invar and elinvar 
have been applied are indeed so numerous that 
it is not possible tq give a full account of them 
here, and we will accordingly confine our 
attention to the most characteristic of these 
applications. 

§(10) Measurement op Geodetic Babb 
Lines. — In geodetical surveying, every tri- 
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angulation starts from a base line ; which is 
usually a line about 10 km. in length, and as 
straight as possible, measured at the surface 
of the earth. Until quite recently, the lengths 
of such base lines were determined by means 
of measuring bars, generally about 4 m. in 
length, which served to fix the respective 
distances between microscopes in alignment 
along the base, and were continually moved 
forwards so as to cover by successive stages 
the whole distance comprised between the 
terminal marks of the base line. As the 
measurements were made in the open air, the 
strictest precautions had to bo observed in 
determining the temperature of the standard 
bar ; and consequently the measurement of 
a base lino was a long and costly operation. 

A systematic examination of the results 
obtained by various previous observers en- 
abled Edw. Jildcrin, towards the year 1890, to 
devise a method and appropriate equipment 
for replacing the rigid measuring bars by wires 
stretched under a constant tension, which 
servo to determine the distances between 
fiducial marks set up along the base. Those 
wkes are usually about 24 m. in length. The 
number of spans is therefore only one-sixth of 
the number rcciuired when rigid bars are used, 
and as the apparatus is light and easily and 
quickly set up, only a few persona need be 
employed and rapid progress is attainable. 
When steel wires were used, the inevitable 
uncertainties respecting their tcmi)erature 
precluded any great accuracy of measurement. 
Invar was first substituted for steel in an 
actual operation in 1899, during the progress 
of the Husso-Swedish expedition for measuring 
an arc of the meridian at Spitzbergen. The 
successful result of this measurement led to an 
exhaustive investigation of the metrological 
properties of these wires being undertaken at 
the International Bureau of Weights and 
Measures by Benoit and Guillaume. An 
equipment specially designed for the use of 
invar wires now admits of an accuracy of 
one part in a million being attained,^ and is so 
readily operated that an efficient staff of a 
dozen men can measure about 6 km. a day 
on good ground. With wires of appropriate 
length (a length of 168 metres has been 
attained) ravines and rivers may be traversed, 
which would be quite impracticable with rigid 
bars. 

For the measurement of base lines, it is 
desirable to employ invar that has undergone 
special treatment, as referred to above, so 
as to have its expansibility brought very 
close to zero. Values of tj^e order of 0-02 to 
0’03 X 10"® can be realised, so that it is almost 
superfluous to measure the temperatures of 
the wires. 

* See “Surveying and Surveying Instruments," 
§(41), ill. Vol. IV. 


In some countries, notably in the United 
State, narrow ribands or tai>c8 of invar are 
used by geodesists, in preference to wires. 

The very moderate cost now involved in 
the measurement of base lines makes it 
possible t(j inerca.so the numl)er of these as 
well as their length. Two important facts 
are to be recognised as resulting from this : 
in the firsl ])laee, th(' calculation of the length 
of the first side of a triangle of the triangulation 
proper, in terms of a short base line, involved 
appreciable errors ; whereas it is now practic- 
able, in certiiin cases, actually to measure a 
side of the first triangle directly ; secondly, 
the practice of superposing triangles over 
distances of hundreds of kilometres necessi- 
tated the highest degree of precision being 
attained in the measurement of angles, other- 
wise the errors introduced soon became excess- 
ive ; while at the present day it is recognised 
in practice that triangles ought to be referred 
to a base line about every hundred kilometres. 

The progressive and transitory changes to 
which invar is liable have made it necessary, 
up to the present, for certain precautions to lie 
taken to safeguard the wires, that is to say, 
os regards wide variations of tcmi)eraturc. 

In order to detect possible changes in the 
wires due to accidental causes, their lengths 
are deUjnnined from time to time, and 
particularly at the end of the summer field 
service. The amounts of the progressive 
changes arc ascertained at the same time, 
which admits of their being elimiiiated. 
Measuring bases have been laid down in the 
principal metrological institutions for the 
purposes of these determinations. 

In the absence of repeated comparisons, 
corrections to be a}»plied to the initial values 
of the wires are available. These are based 
on a knowledge of the progressive changes 
determined in specimen pieces of invar which 
have been under investigation for many years. 

The use of wires made of stable invar will 
obviate the necessity for some of the precau- 
tions which have to be taken when ordinary 
invar is employed. 

§(11) Compensation of Clocks.— The ex- 
pansion of the rod of a pendulum under the 
influence of heat causes, for each degree 
centigrade, a diurn&l retardation of about 
0-6 sec. (in the case of steel). ^ Attempts have 
been made to get rid of this defect bf* mjtfins of 
compensatory devices, the best known being 
that of Graham, which consists in fixing, at 
the extremity of the rod, a cylindrical vessel 
made of glass or steel, containing a certain 
quantity of mercury. The mercury expands 
upwards and thus compensates for the down- 
ward displacement of the vessel containing it. 

The ratio of the relative expansibility of 
mercury in steel or giass to the expansibility 
• See “ Clocks,” § (3), Vol. III. 
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of steel is about 15 to 1. A ratio nearly 
identical with this exists between the relative 
expansibilities of bronze or iron and of a 
suitably chosen invar. It is therefore t(t be 
expected that by making the rod of the 
pendulum of invar and tlie bob of bronze or 
steel (or even cast iron) a perfect compensation 
can bo attained. 

Various methods have been devised for 
effecting this compensation. In one method, 
the bob, which may be hollowed out or not, 
is such that the distance between its centre 
of gravity and the surface resting on the 
regulating nut has (subject to a reservation 
which will bo made directly) the same total 
expansibility as that of the rod (Guillaume, 
1897). Or the bob may bo hollowed out very 
considerably, for example, up to its (‘ontre, 
and rest on a sleeve composed of two hollow 
cylinders screwing into one another, so that 
the whole may be made of such a length that 
compensation is rigorously attained (Thury, 
1897) ; or, again, between the bob and the 
supporting nut, two cylindrical pieces made 
of different metals may l>e interposed, such 
that their total length is always the same but 
is BO distributed between the two pieces that 
the total expansibility has the required value 
(Riofler, 1899). 

In a priori calculations of the compensation, 
it is of course necessary to take into account 
the expansion of the moving part of the 
• suspension, which generally comprises steel 
springs ; and when the pendulum is to oscillate 
in a case communicating with the atmos])herc, 
regard must also be paid to the variation of 
the density of the air, which depends upon 
the temperature and the barometric pressure, 
and in itself gives rise to a slight compensation, 
since as the temperature rises the density 
of the air decreases, and thus the resultant 
force on the bob becomes greater, so that 
the period of oscillation is diminished. The 
necessity for the latter correction disappears 
if the pendulum is enclosed in a hermetically 
sealed cose, in which the air is of constant 
density. , 

The possibility of modifying the expansi- 
bility of invar to any desired extent, and 
even making it zero, affords a means of dis- 
pensing altogether with compensation. In 
practice, however, it is found to be more 
advaijl^gcous to retain a very small expansion. 
Now, since passes through its zero value 
precisely in the immediate neighbourhood of 
the minimum, it will be possibfe to select an 
invar such that the linear term and the 
quadratic term in its formula of expansibility 
are in the same ratio to the corresponding 
terms in the formula of expansibility of the 
compensating metal. In this way complete 
compensation at all temperatures will be 
arrived at ; whereas Graham’s compensation 


leaves a small quadratic residual, owing to 
the fact that in the case of steel and mercury 
this condition of equality of the ratios is not 
satisfied. 

Another advantage of using an invar rod 
results from the fact that ct)n)pensation is 
com})uted on the hypothesis that the tem- 
perature is uniform from toj) to bottom 
of the clock case, a condition which is not 
always realised. The resulting error is pro- 
])ortional to the expansibilities of the rod 
and of the compensating piece. The use of 
ordinary invar accordingly reduces this error 
to one-tenth of its value for the mercury 
compensation. 

The instability of invar, within the limits 
indicated above, is of no great importance as 
regards pendulums The changes of length 
being produced ‘very slowly, the changes in 
the rates of clocks occasioned thereby belong 
to the same category as those whic-h are 
determined by astronomical observations. 
The use of stable invar ‘entirely dispels any 
fear of these changes. 

§ (12) CORHI-UTION OF DkNT’s EuUOR BY 
TUB USE OF AN AlLOY FOR WUirU (i IS NeOA- 
TiVE. — In 1832 it was discovered by Dent, 
a clockmaker in the City of London, that a 
chronometer furnished with a spiral spring 
and a compensation balance, the rim of which 
is made of steel and brass, will, if compensated 
for two definite temperatures, become fast at 
temperatures intermediate to these. If the 
rate is correct at O'" C. and 30" C!., the diurnal 
gain at 15° C. is about two sees. 

Auxiliary mechanisms have been devised 
for the purpose of eliminating Dent’s error. 
One of the best known of these is the arrange- 
ment, due to Loseby, in which two small 
mercury thermometers 
with curved stems are 
fitted on the bimetallic 
rim in such a way that 
the movement of the 
mercury in the stems 
introduces an appro- 
priate quadratic term 
in the compensating 
formula of the balance. 

The cause to which Pio. ii. 

Dent’s error is duo is 
clearly shown in Fig. 11. Compensation is 
rendered necessary by the change in Young’s 
modulus for the spiral, which is represented 
by the curve OH. Again, the compensating 
formula of the balance is given by the difference 
between the expansibilities of brass, OB, and 
steel, OS. This dj^erence is represenk'd very 
closely by the straight line DC ; and the 
algebraical sum of OH and OS is the curve 
OM, which represents Dent’s ofror. 

This error may be corrected simply by 
substituting for ordinary steel a nickel-steel 




whose formula of expansibility contains a 
noj?ativo /-i, ONS, Fig. 12. The ditTorence 
between this and OB is 00, which may be 
made exactly symmetrical with Oil by a 
judieiims choice of the relative values of a 
and [i, and the assif^n- 
mentof suitable dimen- 
sions U) the binifitallic 
rim. A nickel - steel 
containing from 42 to 
44 per cent of nickel 
solves the problem 
(Guillaume, 181U1). 

As the value of a 
for this nickel-steel is 
much smaller than for 
ordinary steel, its use 
in conjunction with brass makes the action 
more pronounced ; which admits of either a 
shorter length or a greater thickness being 
employed. This tends considerably to rc<luce 
the eftec-ts of centrifugal force, which are quite 
appreciable with (»L-dinary compensation bal- 
aiuics. The regulation of chronometers is thus 
facilitated. 

The new compensation balance has become 
widely known in chronometry, and has 
contributed greatly to its progress. 

§(13) Appmr\TioN of Elinvau to tmf 
C!ompk.nsation of Watches. — (Compensation 
would be unnecessary if the spiral were made 
of a metal for which Young’s modulus was 
invariable.^ 

Now it will be seen from the curve A in 
Fig. 1) that the binary alloys furnish two 
approximate solutions of the problem, repre- 
sented by the two points of intersection of 
this curve with the zero axis. As, however, 
these points correspond to a maximum and a 
minimum of the value of Young’s modulus, 
both very jironounced, this will introduce a 
secondary error in the I’ates of watches, 
analogous to that of Dent, but of much greater 
amplitude ; amounting, indeed, to from 20 
to 25 secs, a day. But in watches which have 
a steel spring without any compensation 
device, the temperature error in the interval 
comprised between O'’ C. and 30" C. is about 
330 secs, a day ; so that the use of a spiral 
of nickel-steel has an enormous effect in 
improving the rates of that class of watches 
whose price does not admit of their being 
fitted with a compensation balance. In 
point of fact, more than fifty million watches 

^ More correctly, the changes In the rates of watches 
In which temperature is concerned depend essentially 
on variations of Young's modulus for the spiral, and 
also to a sliglit extent on the expansions of the 
spiral and the balance, actiiw In opposition to one 
another, (bmpensation will ne complete when the 
change of Young’s modulus for the spiral Is such as to 
annul the very small residual left over by the expan- 
sions. It much simplifies die explanation, without 
modifying it In any essential respect, if the effect of 
the expansions is supposed neguglblc in comparison 
with that of Young’s modulus. 


are now furniahed with the compensating 
spiral. 

The n'cent introduefion of elinvar, properly 
80 called, has enabled a still further advance 
to be made. Fur, if the spiral bo constructed 
of an alloy for wliich, at ordinary temperatures, 
the value of Young’s modulus is stationary 
in th'^ ncighbourh('()d of the maximum ordinate 
of the curve, eompudo compensation will then 
be clTccte<l b,' the spiral. 

(3ironoineters lilted with the elinvar spiral 
made their first appearance in observatories 
(notably at Teddington) during tlie year 11)20. 
Their regulation is a much simpler matter 
than that of chronometers fitted with an 
ordinary compensation balance. ^ 

Invar Steel : a nickel-iron alloy steel having 
a very low coetficierit of thermal expansion. 
See “ Steels, Special,” § (50) ; see also 
“ Invar and Flinvar.” 

Invariant Eqeilihrifm, represented by hori- 
zontal lines. Sec “ Alloys, Gonstitution of,” 
§(l)(v.). 

Invariant systems of alloys. See “ Alloys, 
Constitution of,” § (1) (iv.). 

Tnver.se Rate (Ttrve.s : a method of repre- 
senting graphically the behaviour of a body 
undergoing change of temperature in which 
the two co-ordinates are (1) the temperature 
{6) and (2) the times taken for the tempera-* 
ture to changi^ through successive small 
equal tenqierature stcjis {dljdO). Sec also 
” Medals, 'riiernial Study of,” § (8). 

Iridium Tube Furnace, useful for tempera- 
tures uj) to 2000 ' C., where a strongly oxidis- 
ing atmosphere is essential. See “ T’urnaees 
for baboratory Use,” § (2). 

Iron, melting-point of pure, about 1500" C. 
Sec “ Metals, Thermal and Mechanical 
Treatment of,” § (1). 

]R()N-(JARB0N ALLOYS 

1. Pure Iron 

§ (1) Pure Iron is not a commercial product. 
Except when extrtfmely careful precautions 
are taken, iron always contains a certain 
amount of impurity, even when {flep'yed by 
an electrolytic method, and it is seldom 
obtained of greater purity than 99-9 per cent, 
while generally it is considerably less pure 
than this. Electrolytic iron has been manu- 
factured by the electrolysis of a solution of, 
ferrous and calcium chlorides at a temperature 
of 110" C., a current of about 20 amperes 
per square decimetre being suitable. The 
deposition ia carried out on polished iron 
electrodes, from which the deposit may be 
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removed at the end of the operation. In 
the form in which it is obtained by this 
process it is very brittle and can hardly ix) 
deformed without cracking. This brittleness 
was usually attributed to the presence of 
occluded hydrogen in the metal, but in some 
cases the columnar structure of the deposit 
no doubt contributes to its weakness. In 
addition to being brittle, iron as deposited 
is, as a rule, considerably harder than ordinary 
annealed iron. The hardness and brittleness, 
however, can both be removed by suitable heat 
treatment. 

Within recent years a brand of ingot iron 
of great purity has been put on the market. 
This is obtained by melting selected products 
in a basic open-hearth furnace, the rnctal 
thereby being obtained molten and cast into 
ingots in the ordinary way (hence the term 
ingot iron). The analy.sis claimed by the 
makers shows an iron content of 91)114 per 
cent, the impurities present cemsisting mainly 
of small quantities of carbon, silicon, sulphur, 
phosphorus, and aluminium. 

§ (2) MiCROSTitucTiruK.— An etched sample 
of commercially pure iron shows die char- 
acteristic polygonal structure of pure metals. 
When lightly etched the different crystals all 
appear white and arc di.stinguished from one 
another by thin dark bounclaries as seen in 
Fig. 1, When deeply etched the crystals 



appear differently coloured and exhibit a 
distinct lustre. With still deepei* etching and 
the use of a suitable etching reagent, etching 
♦pits or cavities appear in the surface of the 
crystals, and the shape of these pits indicates 
the cubic character of the crystallisation of 
the metal. The diagram, Fig. 2, shows 
. diagram matically the appearance of these 
pits. It will be noticed that they have the 


same shape and orientation in any one grain, 
but that the orientation in adjacent grains is 
different ; sometimes the pits appear as tri- 
angular W'edgcs when the section cuts the 
small cubes of a grain obliquely near the 
corner. The cubic character of the crystallisa- 
tion of iron has been further illustrated by 
Osmond and Cartaud.^ who succeeded by 



the reduction of ferrous chloride in obtaining 
crystals of iron in the form of })erfcct isolated 
tubes, w'hilc Stead * has also observed perfect 
cubes of phosphoretic iron. 

The material of the polygonal crystals of 
commercial iron (and steel) is known to the 
metallographist as ferrite, a name suggested 
by Professor Howe. In commereiul iron and 
steel the ferrite is not pure, but contains dis- 
solved substances, of which the chief are 
silicon, phosphorus, and manganese. The 
characteristic properties of this c<mstituent 
are, however, not altered, and the impure 
ferrite is not micrograph ically distinguishable 
from pure ferrite. 

§ (3) AuLOTRory of Iron. — The study of the 
crystallograjihy of iron is complicated by the 
changes which take place in the material at 
certain temperatures as it is cooled from its 
melting-point to ordinary -temperatures or 
heated from ordinary temperatures up to the 
melting - point. Each of these changes is 
accompanied, in the one case, by the evolution 
of heat and a decrease, therefore, in the rate 
of cooling, or, in the other, by an absorption 
of heat and a marked decrease in the rate of 
rise of temperature. 

We have reason to believe, from many 
considerations, that, within the range of the 
solid state of a fibstance, there may be 
various possible arrangements of molecules, 
or even of the atoms forming th» molecules. 


’ Osmond and Cartaud, Ann. deft Mines, 1900 
[lx.l, 18, 113. 

* Stead, Iron and Steel Iwl, J., 1000, ii, 109. 
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corresponding to differences in the form or j 
projjertios of the substance. These different j 
conditions of the substance are known as 
allotropic forms, and corresponding to some, 
at any rale, of the marked temperature changes 
which take place when iron is heated or cooled, 
we have a number of allotropic forms or iron 
distinguished as a, fi, y, d iron. The number of 
forms which exist is somewhat uncertain, 
and depends to some degree on the definition 
of allotro[)y which is accepted. Physicists 
and chemists, however, do not appear to be 
agreed as to the exact meaning of the term 
“ allotropy ; some hold that in order to 
establisli (he existence of two allotropic 
forms in any metal, an evolution or absorp- 
tion of heat must be shown when the metal 
in qucstif)n is cooled or heated through its 
transformation point. Opinions differ, how- 
ever, as to whether a well-defined change in 
some other single property constitutes a proof 
ot allotropy or not ; wdiile some writers 
demand a crystallographic change at the 
temperature of transformation, particularly 
in discussing the allotropy of iron, others have 
excluded a change in the magnetic properties 
as evidence of allotropy. 

The first definite evidence which established 
the exist(‘nce of various forma of iron was 
provided by Osmond ^ wlien he discovered 
the existeiKiC of two thermal transformation 
points lespectivcly at 760® C. and 900° C. 
To the variety of iron existing at temperatures 
above 900° C. he gave the name y iron ; that 
existing betw een 900° C. and 700° C, was called 
(i iron, and that existing below' 760° 0. was 
known as a iron. 'J'he allotropic character of y 
and a iron is now universally accepted, but 
considerable doubt has within recent years 
been expressed as to the difference between 
j3 and a iron, in spite of the fact that the 
heat evolution on cooling to 760° C. is always 
found. It is considered by some workers 
that the f-i transformation point is merely the 
end of the change from 7 to a, lowered by 
undercooling, but the evidence in favour of 
this view is at present incomplete. The most 
marked change in the properties of the iron as 
it passes through the transformation point at 
700° C. is that, whereas above that temperature 
it is practically non - magnetic, immediately 
below that temperature it becomes extremely 
magnetic. If such a sudden and perfectly 
discontinuous change in the properties of a 
metal can lie advanced as evidence of allotropy, 
it must be conceded that iron and a iron are 
physically ‘distinct varieties. Within recent 
years evidence has been fought forward to 
establish the existence of another critical 
point in the neighbourhood of 1400° C. The 

* Osmond, Mimoires de rartUlerie de la marine, 
18ft7, xxiv. 673; Irrni and Steel InetHute Joum., 
1890, No. I. 


iron existing between this temperature and 
the melting-point is known as 5 iron, but its 
properties have not been studied. 

It may be of advantage at this stage to 
trace the process of crystallisation in iron 
from the melting-point, and for this purpose 
reference may be made to Fig. 3, which 
represents a coolinp 
curve of iron taken 
from 1600° tk, at 
wiiich temperature 
the metal is liquid, 
down to 0°. At 
1,')30° C. a large arrest 
appears on the curve 
corresponding to the 
solidification of the 
iron and the produc- 
tion of what is pre- 
sumed to bo the d 
form. At 1400° C. a 
small arrest indicates 
the transformation 
from 5 to 7 iron, and 
at 900° (\ a larger 
arrest indicates the transformation of 7 to ji 
iron, the further transformation of vvliieh to a 
iron is indicated by a very small arrest at 700° C. 
Below this temperature no further transforma- 
tions are observed. (In ndieating the metal 
these changes take place in the reverse order, 
but with this slight difference, that while the 
arrest point at 700° C. occurs on heating at 
the same temperature as it does on cooling, 
the arrest point near 900° C. takes place at a 
higher temperature on heating curves than 
on cooling curves. For this reason a nomen- 
clature has been introduced to indicate 
whether the arrest point is obtained by means' 
of heating curves or cooling curves. The 
arrest point at 700° is known as the A2 
critical point, and that at 900° C. as A, I 
critical ])oint. To distinguish between the 
arrests taken on heating and cooling curves 
the suffix R or C is added to the letter A 
(R indicating refroidismnenty and C indicating 
chauffage). The exact temperatures at which 
these arrests occur have been investigated 
by Burgess and Crowe.* Using material of 
the highest obtainable purity and extremely 
delicate methods of ihvestigijtion, they found 
that the A2 point occurred at 768° C. on lioth 
heating and cooling curves, but tffat i,while 
the AR3 point occurred at 898° C., the AC3 
point did not occur until 909° C. Arnold 
maintains th^ the A2 point is in reality a 
double point, and that two peaks are found 
on a cooling curve if satisfactory apparatus 
is used, the upper peak being at 765° C. and 
the lower at 752° C. This statement is, 
however, not in accordance with the results 

* Burgess and Crowe, Amer. Inst, Min. Eng. 
Trans., 1013, xlvl. 
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of other worlters, and none of the 130 curves, 
for instance, taken with the greatest care and 
skill by Burgess and C'rowe, show a double 
peak at AH2. 

Many investigations have been carried out 
into the i)roperties of iron in its different 
conditions, with a view to obtaining evidence 
for tlic existence of the different allotropic 
forms. Kosenhain and Humfrey ^ strained a 
bar of iron heated in such a manner as to 
give a temperature gradient whose maximum 
was above the A3 critical point. They found 
three distinct zones of deformation corre- 
sponding to the different varieties a, p, and 
7 iron. Ewen,* as the result of etching 
iron in vdcuo at different temperatures, also 
claimed to have found evidence in support 
of the existeiKte of all three varieties. On the 
other hand, while changes in the structure of 
iron on passing through the A3 point are 
generally admitted, few workers are able to 
record any microscopic evidence of a re- 
arrangement of structure at the A2 point. 
Eor example, on reheating a piece of a iron 
through its critical point and quenching it at 
different tempcratuies no alteration of struc- 
ture is found as a result of passing through A2, 
whereas jiassage through the point A3 in- 
variably results in the recrystallisation of the [i 
iron with the formation of new crystals of y. 

Dilatation of iron has been investigated by 
Benedicks and otheis, who note a very sharp 
discontinuity at the A3 point. Benecheks ^ 
also notes a slight continuously occurring 
contraction at the A2 point, although he 
docs not regard this as sufficient evidence of 
allotropy. Burgess finds a marked change 
in the thermal K.M.F. at the A3 jioint, 
and a slight change at the A2 point. 
Uosenhain and Humfrey “* have shown a 
distinct discontinuity in the tensile strength 
of iron at the A3 point, and a slight dis- 
continuity at the A2 point, although the 
evidence for this latter change is not very 
strong. Their evidence shows, however, that 
7 iron at a temperature a little above its 
transformation point is con.siderably stronger 
than a iron. Meuthen reports discontinuities 
in the specific heat of iron at both the A2 
point and the A3 point. 

The most impoil^nt contribution to the study of 
the allotropy of iron has been mode by Westgren.*^ 
By m%ans ^f an X-ray speotrographio examination 
of iron at various tem]jet’nture.s, ho has been able 
to determine the actual space - lattices that exist 
within the different modifications •of the metal. 
His observations possess the advantage that they 
are direct measurements made at temperatures at 

' Rosenhain and Humfrey, Roy. Soe. Proc., 1910, 
Ixxxlil. A. 200. 

* liwen, Internal. Zeii. /. MetaU., 1913. 

* Benedicks, Iron and Steel Jnut. J., 1912, No. II. 

* Rosenhain and Humfrey, Iron and Steel Inst. J., 
1913, No I. 

‘ Westgren, Iron and Ste-el Inst. J , 1922, No. I. 


which the actual modifications occur, and they 
apjiearto settle conclusively the facts relating to the 
crystallisation of iron. It is shown that a iron and 
5 iron possess identical space lattices ; this author’s 
work conlinns the determination of Hull that iron 
at ordinary temperature possesses a culic-ccntred 
cubic lattice, the edge of the unit cube being about 
2*87 A. In 7 iron, on the other hand, the atoms are 
armnged on a face- centred cnbic lattice, the size of 
the unit cube being about A. The character of 
the changes at 900° C. and 1400' C. is therefore well 
established ; the change is one that involves a com- 
plete re-arrangement of the atoms, and recrystallisa- 
turn in another crystalline form; these are certainly 
allotropic transformations. The crystallographic 
identity of the a and 5 phases is, perhaps, surpris- 
ing. Westgren was unable to find any crystallo- 
graphic difference between the iron existing betuoen 
760° and 9(M)° C,, and the a or 5 mollifications, 
fi iron, at 800° C., fs sliown by him to itave a cube- 
centred cubic space-lattice, the ciilie edge being 
2’92 A., which is, within the limits of experimental 
error, identical with that of a iron, allowing for the 
thermal expansion, /if iron must therefore be 
regarded as crystallograplucally identical with a 
iron, and if polymorjihy is essential to allotrojiy, 
the change point at 760° C, is not an allotropic 
change. The so-called fi iron problem cannot, 
however, be regarded as solved, since the spon- 
taneous change in energy of iron at 760° (’. in heat- 
ing or cooling still remains to be explained. 

II. Wrouoht Iron 

§ (4) Wrought Ikon is a commercial iron free 
enough from carbon and other impurities to 
bo malleable. It is manufactured by the 
reduction of iron ores and the refining of cast 
iron at a temperature so low that the product 
is never obtained completely molten, but in 
a pasty condition, and therefore mixed with 
a considerable amount of the slag formed 
during the operation. When the refining 
treatment of cast iron is carried out at a 
sufficiently high temperature to deliver the 
products in the molten condition, the refined 
metal is then free from slag and is known as 
steel. Wrought iron and steel may have 
identical composition except as regards the 
amount of slag, though, as a rule, steel contains 
more carbon and manganese, less silicon, and 
frequently less phosphorus than wrought iron. 
Wrought iron, as a rule, is practically free 
from carbon, but contains small amounts of 
the usual impurities, silicon, sulphur phos- 
phorus, and manganese. 

§ (5) Microstructure of Wrought Iron, 
— After the reduction process has been carried 
out in the puddling furnace in which wrought 
iron is manufactured, the hot pasty balls 
are withdrawn aj^d subjected to vigorous 
forging and squeezing, as a result of which 
a considerable amount of slag is forced out 
and the particles of iron firmly welded 
together. Removal of the slag is, however, 
incomplete, so that when the wrought iron 
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is further fort^ed or rolled down into billets 
and bars, the slag is drawn out in the hum 
of long thin threads and appears as such 
in the linished product. The microstructuro 
therefore consists of ferrite crystals in which 
are dissolved the silicon, phosphorus, and 
some of the manganese, a small amount of 
sulphide of manganese, a small amount of 
iron carbide, and a considerable quantity of 
slag. This latter constituent api)caia in 
longitudinal section in the form of many 
irregular black streaks, varying much in 
thickness and length, but all running in the 
same direction. In transverse section, how- 
ever, the slag particles appear as small 
irregularly shaped dark areas and show no 
signs of the elongation due to rolling. When 
highly magnified, it is found that the slag 
in wrought iron frequently contains two 
constituents— a dark and a light one -the 
actual composition of which arc uncertain. 
T'heir arrangement in the slag particle.s, how- 
ever, strongly sug^sta that they had at one 
time formed a .single homogeneous liquid and 
had only attained a separate existence after 
the solidification of this liquid had taken place. 

Wrought iron is a very soft material, capable 
of being worked to a high degree. Moreover, 
it is very easily welded, and finds application 
in a large number of ways on account of this 
property. The dimensions of the ferrite 
grains of wrought iron are affected by the 
treatments, both thermal and mechanical, 
received by the metal, and have a considerable 
influence on its properties. The effect of such 
treatment will be considered in connection 
with the microstructure of mild steel. 

III. Iron-carbon Aixoys— Steel 

§ (0) Iron Carbon, — .Molten iron will dis- 
solve carbon very readily up to a certain 
limit. A saturated solution at 1400° 0, con- 
tains about 0 per cent of carbon, and at 
higher temperatures the amount in solution 
can be increased, but it is extremely difficult 
to get more than about 0 per cent to dissolve. 
Carbon can exist in solid iron in three different 
conditions : 

(i.) As free graphite. 

(ii.) As a compound of iron and carbon 
having the formula FCgC. 

(iii.) In solid solution. 

The actual relation between these three 
different forma of carbon and the iron itself 
is by no means clear in all respects, and the 
complete diagram representing this relation 
has not yet been prepay. Iron and iron 
carbide, which wo find m practically all of 
the iron - carbon alloys, form a eutectic 
series with one another, which is shown in 
Fig. 4. The effect of the addition of carbon 
to iron is to lower its melting-point, as is 


indicated by the line AB. So King as the 
amount of carbon present does md exceed 
per <-ent, solidification takes jilace by the 
separation of crystals of iron wliich cctntain 
moie or less carbon in solution. Under 
Conditions of eipiilibrium about 1-8 jier cent 
of carbon are dissolved in the .solid iron 
wher the eutectic t 'nqierature is reached, but 
beyond this coiiceutration the last stages of 
the solidilical ion consi.st in the deposition of 
a eutectic of iron containing di.S8olved carbon 
and the carbide of iron The eutectic 

hue E(' is shown in Fig. 4, To the solid 
solution of iron containing dissolved carbon 



the name austenite has been given, vhile to* 
the carbide FcgC' the name cementito has 
been given. For concentrations of carbon 
exceeding 4*3 jier cent solidification takes 
place by the deposition of primary crystals of 
Fcgt^, which separate until the residual liquid 
reache.s the concentration B, when it solidifies 
as the iron -cement i to cutectie. 

The above diagram shows the relation 
between iron and iron carbide, but docs not 
completely rejiresent all that happens during 
the solidification of iron carbon alloys. The 
facts that slowly cooled cast iron contains 
practically the whole of its carbon in the form 
of graphite, and that cementite, or steel rich in 
carbon, do])osits graphite when heated under 
certain conditions, do not receive recognition 
in the equilibrium diagram just described. 

It is held by some workers that equilibrium is only 
reached in the iron - c.'irbon alloys when the iron 
carbide is completely dissociated and the consiitiunts 
present are iron and graphite. It has been suggested 
therefore that in addition to solidification according 
to the diagrafn given in Fig, 4, separation may 
take place with the formation of primary graphite 
and a graphite-austenite eutectic, and some writers, ^ 
notably diarpy and (Jrtmet,^ Hcyn,“ and Benedicks 
recommend the use of metastable solidification 
curves m the equilibrium diagram of iron carbide 

^ Oharpy and Orenet, Bull. Soe. (T Encouragement, 
1902, p. 399. 

* Heyn. Elect. Zeits., 1904. x. 491. 
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alloyR. Fig. shows the diagram duo to Benodicks 
Along ilio line AIJ austenite separalcs out from 
solution, along the line BD graphite separates out 
from solution, while the line ABC represents the 
separation of a eutectic consisting of austenite and 
graphite. The lines AB' and B'D' represent 
resjiectively separation of austenite and cementite, 
while the line represents the separation of 

the aiistenite-eementitc eutectic. According to this 
diagram the iron graphite system is the stable one, 
and separation according to the iron cementite 
system only takes place through undercooling of 
the li([uid during solidification. The line aE in 
this diagram represents the solubility of graphite in 
austenite, and the line K'R represents the solubility 
of cementite in austenite. Benedicks has advanced 
evidence in support of the position of the hue aE, 
and considi'rs that this offers confirmation of the 
existence of the stable iron graphite diagram. On 
the other hand, the possible existence of iron carbide 



in his alloys was not excluded, and it seems somewhat 
strange that the lines BD, o(', and oE should so 
nearly coincide with tbe lines B'D', E't^, and K'8. 
While it is recognised that gmphite is formed imdcr 
certain conditions by the dissociation of cementite, 
and that under those conditions it is the stable form 
of carbon, tlicre is considerable doubt as to whether 
it ever separates directly from solution. In ordinary 
castings, it appears to be certain that graphite only 
separates from solid cementite, and no evidence has 
been produced w’hich offers clear proof that graphite 
exists as a primary separation under any conditions 
of solidification. 

§ (7) The P]quilibriitm Diagram. — Of the 
determinations of the equilibrium diagram 
of the iron - carbon system, that due to 
Carjieifter and Keeling ^ is perhaps the best 
known. This is given in Fig. 6. According 
to them iron-graphite is the stable system at 
high temperatures, although separation some- 
times takes place according to a metastablo 
iron-comentite system ; at a temperature 
lower than that of the eutectic (the line EF) 
recombination of the graphite and austenite 
takes place with the formation of cementite. 

’ Carpenter and Keeling, Iron and Steel J., 19(X), 
No. II. p. 311. 


More recently Rosenhain has plotted the 
experimental results of Carpenter and Keeling, 
of Gutowsky® and of himself, and obtained 



the diagram shown in Fig. 7. In this diagram 
the iron-cementito system is sho^^n in thick 
lines, and the temperature of its eutectic 



point is higher than that of the iron-graphite 
outeotic. This diagram does not indicate any 
recombination of iron and graphite once 
dissociation has taken place. The special 

• Gutowsky, Metallurgie, 1900, vl. 731. 
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feature of Roaenhain’s diagram is the shape 
of the solidus curve of alloys forming solid 
solutions. This is based on the work of 
Gutowsky and of himself, in which the 
Hoy cock and Neville quenching method of 
investigation was used in preference to the 
ordinary method of thermal curves. It is 
very probable that the curved fonn of solidus 
shown is much more accurate than the straight 
line indicated by most other workers. Refer- 
ring to Fig. 4 wo will consider the effect of 
carbon on the critical point of solid iron. As 
in the case of the melting-point, the position of 
the point A3 is lowered from about 900° C. by 
the addition of carbon until the temperature of 
760° (1 is reached. This b^wering is produced by 
about 04 per cent of carbon. The A 2 point m 
iron, however, appears to be unaffected by the 
addition of carbon, so 
that at this tempera- 
ture the A3 and A 2 
points of iron-carbon 
alloys meet, as ^is 
shown in the point 0 . 

With further addition 
of carljon to the 
alloys, the transfor- 
mation i)oint is still 
lowered along the lino 
08, until it meets the 
line ES, representing 
the solubility of tlie 
cementite in austenite 
at the point 8 . The 
line GO therefore 
represents the tom- 
peratui'es at which (i 
iron begins to separ- 
ate from austenite 
and the field GMO 
represents the com- 
positions and temperatures at which j 8 iron exists 
as a stable pliase. The horizontal character of 
the line Mt) suggests that carbon is practically 
insoluble in ^ iron ; separation of ^ iron over 
the transformation range therefore results in 
the concentration of the whole of the carbon 
of the alloy in the untransforraed 7 iron. The 
line 08 represents the direct separation of a 
iron from austenite, since below the temperature 
of the line OM ^ iron is unstable. The field 
M08P therefore represents the conditions 
under which a iron and austenite exist together 
in the alloys. In the field GOESA the iron 
consists of a homogeneous solid solution 
from which cementite separates along the 
line SE. At the point 8 , therefore, we have the 
intersection of the lines of separation of ferrite 
on the one hand and ccAentite on the other 
hand. This, therefore, is a eutectoid point 
and the lino P 8 K is the eutectoid line along 
which separates a eutectoid consisting of 
ferrite and cementite. To this eutectoid the 


name pearlite has been given on account of 
its “ pearly ” appearance on an etched 
specimen. The behaviour of several alloys, 
containing different percentages of carbon, 
may now bo examined as they are cooled 
fr( m a temperature at wliich they arc liquid 
to one below tlv' line PSK. The steel contain- 
ing 0 3 pe» cent carbon will undergo the 
following transformations. Freezing com- 
mences at 1480° C., after which it will consist 
of a homogeneous solid solution in which the 
whole of tile carbide is dissolved. At 820° C. 

iron begins to separate from the alloy and 
continues to do so until a iemjieratiire of 760° C. 
is reached. At this temperatuio the separated 
iron transforms into a iron, and further 
separation of a iron then takes place from 
the untransformed solid solution until a tem- 
pei.iture of 690° C, 
is reached, w’hen the 
residual .solid solu- 
tion decomposes into 
a mixture of ferrite 
and eemeiitito. The 
microstructurc of 
such a specimen is 
shown in Fig. 8 , in 
which the light part 
represents the jiure 
ferrite and the dark 
j)art represents the 
eutectoid mixture of 
ferrite and cementite. • 
With an increase of 
the carbon content to 
0-7 jicrocnt the points 
AR3 and AR2 coin- 
cide, and only one 
arrest point is found 
on the cooling curves 
to indicate separation 
of a iron from austenite. The mierostructure 
of surh a sample, after passing through the 
transfoi mation range, is shown m Fig. 9. 
The amount of ferrite is here much less 
than in the previous sample and the amount 
of pearlite is correspondingly increased. The 
eutectoid alloy which contains 0-9 per cent 
carbon cijiisists entirely of an intimate 
mixture of ferrite and cementite, which are 
formed from the s^lid solution austenite at 
the point 8 . 

The character of the eutectoid ifiearlite is 
particularly well shown in Fig. 10, wRich is 
taken from a sample in which this constituent 
is very coarse. It is seen to consist of plates 
of the compound cementite in a matrix of 
ferrite, and in the present instance the ^ • 
cementite plates are sufficiently thick for 
their character to be clearly seen. Usually 
in steel the plates of cementite are so thin 
that it is not possible, even under the highest 
powers of the microscope, to magnify them 



FiQ. 8. — Fcrnte-pearlitc. Carbon, 0-3 per cent- 
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sufficiently to see that they really are thin 
films of a light etching constituent ; they are 
usually so thin that they merely form slight 
rounded irregularities in the pilished sui-face, 


with ceraentite ; since, however, the solu- 
bility of cementite in austenite falls steadily as 
the temperature falls, deposition of this 
constituent continues, as has already been 



Fio. Fernte-pearlito. (’arbon, 0 6 per cent. Fio. 10.— Pearlite. 


and appear as thin dark lines under the 
microscope. When magnified sufficiently, the 
dark areas shown in Figi<, 8 and f) would have 
this typical eutectoid appearance. 

With still higher percentages of carbon the 
alloys contain more 
« than sufficient cemen- 
tite to form pearlite 
with the ferrite of 
the alloy, and some 
appears as a primary 
separation from the 
austenite, in much 
the same manner as 
ferrite has been 
shoAvn to appear. In 
this case the line SE 
indicates the begin- 
ning of the separation 
of cementite, which 
is indicated by an 
arrest on cooling 
curves, the point 
being known as the 
Am point. A photo- 
micrograph of ‘an 
alloy contiiining 1-2 
per cent carbon is 
shown in Fig. 11. The ceraentite appears 
as a network suiTounding grains of pearlite. 
When the amount of carbon exceeds 1*8 per 
cent the type of microstructure is some- 
what different, although the constituents of 
the alloys are the same. Beyond this point 
cementite separates directly from the liquid 
steel as a constituent of the eutectic, the 
other constituent being austenite saturated 


indicated. We have therefore to distinguish, 
in high carbon alloys, two methods of separa- 
tion of the constituent cementite. 

The structural changes which take place 
when steel passes through its critical range 
have an all-important 
influence on the pro- 
perties of the metal, 
and the extended use 
of steel largely de- 
pends on the accurate 
control of the struc- 
tural changes which 
take place. Moreover, 
a sample of steel may 
be ruined for its pur- 
pose by apparently 
trivial differences in 
treatment; it is there- 
fore of importance 
to know not only the 
constituents of steel, 
but the manner of 
their arrangement in 
the metal, on which 
the properties of the 
product depend to 
such a large extent. 

§ (8) Cast Stkel. — It is essential that we 
should first consider the stnicture of cast steel, 
that is, stool which has been allowed to cool 
from the liquid Btat| without any subsequent 
thermal or mechanical treatment. The ordinary 
size of steel ingots greatly exceeds that of any 
other metal, and it would thereffire be expected 
that it would be particularly liable to all the 
ills to which castings in general are heir. This 





Fig. 11. — Cementite-pearlite. 
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is to a large extent correct, and the difficulties 
in obtaining sound castings are very great. 
Given a sound casting, however, heat treat- 
ment can bo used which will to a largo extent 
remove the undesirable properties which are 
so frequently associated with castings. 

We arc indebted to Belaiow, more than to 
any one else, for our knowledge »)f the 
crystallisation of steel. According to him the 
primary crystallisation consists in the formation 
of dendrites of a solid solution of iron and 
carbon (austenite), all steels immediately 
after solidification being built up of juxtaposed 
and interlocking dendrites mutually limiting 
each other. These dendrites are composed 
of octahedra, the crystalline form of 7 iron. 
Immediately after solidification is complete a 
crystalline transformation seta in, which 
Belaicw calls granu- 
lation. This granula- 
tion continues until 
the critical range is 
reached, when tl^e 
metal consists of a 
number of grains, each 
being built uji of octa- 
hedra and having its 
own orientation. There 
is no very obvious 
reason why “ granula- 
tion” should take 
place in a metal im- 
mediately it has 
become solid, and it 
probably indicates 
some unknown change 
ill the material in this 
range. It is quite pos- 
sibly connected with 
the critical point 
which occurs at about 
1400 '^ (J. in pure iron, but about which very 
little is known. Generally s])eaking, the slower 
the cooling, and the longer the time which 
the metal is kept in the granulation zone, 
the coarser the austenite grains on reaching 
the critical range. 

In passing through the critical range the 
excess ferrite of steels containing less than 
0-9 per cent carbon (known as hypo-eutectoid 
steels) and the excess eementite of steels 
containing more than 0-9 per cent carbon 
(hyper-eutectoid steel) is rejected by each 
austenite grain, until finally, in cooling 
through the point Arl, the remaining portions 
of each grain, now necessarily of eutectoid 
composition, are converted bodily into pearlite. 
This decomposition of the ausWite may be 
called the secondary crystallisation. Very 
slow cooling through this range promotes 
the separatiim of the ferrite or eementite in 
the crystal boundaries of the austenite grains, 
giving rise to a cellular or network structure, 


in which the excess constituent, ferrite or 
(sementifi', is arranged as envelopes surround- 
ing pearlite grains. If, however, cooling is 
rapid, there is not sufiicicnt time for the 
necessary diffusion of these constituents 
to^ ards the boundaries of the grains, and they 
are largely precijiitated betw'cen the cleavages 
of the existing crystals. The structure thus 
produced, which is illustrated in Fi{j. 12, is 
known as the Widmanstatten structure, in 
memory of A. Widmanstatten, who first 
discovered it in meteorites. In castings the 
conditions are very favourable to the forma- 
tion of this structure, on account of the large 
size of the crystals, since under those conditions 
diffusion is seldom sufficiently rapid to preserve 
completely the cellular type of structure. 
The ferrite lines cut one another at definite 
angles in any one 
crystal, and the ar- 
rangement of these 
lines affords a weighty 
proof of the octa- 
hedral character of 
the austenite crystal. 

From the foregoing 
it will therefore be 
seen that long ex- 
posure to high teni- 
jieraturcs, since it 
promotes the groivth 
of largo crystals, 
favours the precipita- 
tion of ferrite or 
eementite in the 
cleavage planes ; 
ra])id cooling through 
the critical range has 
the same effect. 
Short exposure to 
high temperature and 
slow cooling both favour the cellular typo of 
micro.structure. 

Because of its coarse stnicture east steel is 
less tenacious and less ductile than forged or 
properly annealed steel of the same comjiosi- 
tion. Steel, how'ever, differs from many other 
metals and alloys in that it possesses critical 
points, at which changes in the crystalline 
arrangement take ])lace, and the existence of 
these critical changes^ enable one largely to 
remove the mechanically weak projierties of 
the easting. The coarse crystals piost 
cast metals are extremely stable, and cannot 
be broken up simply by heat treatment. 
Unless the metal is deformed by mechanical 
work, either when the metal is hot or cold, it 
is impossible to disturb the coarse crystalline 
structure of the casting, which is accompanied 
by poor mechanical properties. It has already 
been indicated in what manner the structure 
of a steel casting can be modified by thermal 
treatment during the first cooling from the 
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liquid state ; this can influence the properties 
to a moderate extent, but much more profound 
changes can be effected by suitable treatment 
subsequent to the first passage through the 
critical point. If a steel casting be reheated, 
no change take^ place until the critical point 
A1 is reached; at this temperature, however, 
the pearlite transforms into homogeneous 
austenite, which, as the temperature is raised, 
absorbs the excess ferrite or cementite until, 
when the upper limit of the transformation 
range has been passed, the whole alloy consists 
of homogeneous solid solution. When this 
transformation liegins it takes place from a 
largo number of centres, with the result that 
the steel, instead of consisting of a few coarse 
crystals, as it did in the cast state, is composed 
of a large number of small crystals. At this 
temperature, however, crystal growth can 
proceed with appreciable syieed, and growth 
of some of the crystals can take place at 
the expense of others ; the actual size of the 
structure will therefore depend on the extent 
to which the critical range is exceeded and the 
time which the alloy is held above the range. 
Unless, however, the steel is heated for a 
long time at a temperature considerably 
above its critical range, the structure which 
results from this treatment is very much 
smaller than that of the casting. If now 
the material be cooled through its critical 
range again, the decomposition of the austenite 
again takes place, but the smaller original 
structure leads to a much more intimate 
mixing of the constituents than can ever be 
obtained in an untreated casting. Thus it is 
seen in what manner the existence of the trans- 
formations in these alloys permits the metal- 
lurgist to modify the structure. The treat- 
ment required to give the best results will 
depend to some extent on the original condition 
of the casting ; for example, in a large casting 
the arrangement of the ferrite and pearlite may 
be so coarse that considerable time must Ije 
given on reheating to ensure complete diffu- 
sion, and during this time growth of the 
austenite crystals will proceed, so that the 
refining of the structure is not sufficient; 
in such a case the process may be repeated. 
The treatment of steel castings is perhaps 
more difficult than steel forgings, but there 
is no reason Why they should not be so 
modified* by suitable manipulation as to give 
results little inferior to those obtained from 
forgings and other worked material. Other 
properties of steel castings, which de}>end on 
the presence of impurities, from which steel 
is never free, will be described later. 

§ (9) The Mechanical Treatment op Steel. 
— Forged steel articles are manufactured by 
submitting the cast material to mechanical 
pressure by means of rolls, presses, dies, or 
hammers, usually followed by special heat 


treatment. We have therefore to consider 
the effects of mechanical treatment and of 
heat treatment on the alloy, whether they 
be carried out as separate operations or 
whether they form one manufacturing process. 

While the -primary object of working stool 
is to modify its shape, it has also profound 
influences on its other properties which 
require consideration. In some ca.ses these 
properties are modified in a manner so bene- 
ficial that articles wliioh could he prf)duced 
more readdy m the form of castings are made 
by forging ojierations, with the object of 
obtaining a better article. 

In the first ])lace, work may influence the 
properties of steel in a manner which is inde- 
pendent of the constitution. Practically all 
steel castings are unsound, and contain defects 
such as blowhoks, while, as will bo seen later, 
they are specially liable to be “ cored.” 
Mechanical deformation usually closes up the 
blowholes, and in some cases actually welds 
them up, and it can usually be so arranged 
that it leaves the resulting defects in a position 
or condition in which they will have a less 
deleterious effect than they would in a cast 
article. 

Work has varying effects on steel according 
to the temperature at which it is applied. 
The effect of cold work is very similar to that 
on other metals ; in the case of h<it work, 
however, the effect varies considerably accord- 
ing to whether it is carried out above, within, 
or below the critical range of the steel. Hot 
work may be applied simply with the object 
of modifying the shape of the article, and 
without regard to its final mechanical pro- 
perties, in which case it is immaterial at what 
temperature it is ajiplied, so long as it is not 
carried out at a temperature which will of 
itself ruin the material, or in siicn a manner 
as to lead to the rupture of the metal. Usually 
in such circumstances a high temperature is 
adopted, since steel is softer at high tempera- 
tures than at low temperatures, and requires 
less power for its deformation. If, however, 
work ceases while the metal is still above its 
critical range, it is evident that the austenite 
crystals will have an opportunity of growing, 
and the resulting grains will bo the larger, and 
the final structure the coarser, the higher the 
temperature at which work was stopped. If 
a subsequent heat treatment is to be applied 
the forging temperature is not of great im- 
portance. 

On the other hand, there are many com- 
mercial operations in wliich hot working of 
steel is not followed by subsequent heat 
treatment, and ^lis applies in particular to 
many rolling operations. It is, in such cases, 
of the greatest importance to secure that the 
metal shall receive its final mechanical deforma- 
tion at such a temperature that it will possess 
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good meohanioal properties. The finishing 
temperature, as the tomi)erature at which 
work ceases is called, should not be below the 
Ar3 point of the steel, nor so far above it that 
there is time for the growth of coarse austenite 
grains in the metal. The suitable arrangement 
would l)e to finish when the metal wa.s but a 
few degrees above the critical range, while in 
many cases, especially with hyjier-eutectoid 
steel, the process might be continued with 
advantage to a few degrees above the Arl 
point. It is not advisable to continue to work 
steel after it havS passed through its lower 
critical point, since the structural distortion of 
the jiearlite remains in the finished product, 
and may be harmful. In most works much 
attention is now given to the control of finish- 
ing tein]>eratures, especially in regard to 
rolling operations, such as ‘"he production of 
steel rails, where the grain size of the product 
may be reduced to a minimum and the 
physical quality appreciably imjiroved. 

The cold - workirg of steel has the same 
general effect as in the case of any other 
metal ; the material is rendered harder and 
stronger, but more brittle. For many pur- 
poses cold working is resorted to in manu- 
facture, with very useful results. It is, how- 
ever, very dangerous to use cold-worked steel 
under certain circumstances, since, although 
the effect of work is to increase the elastic 
limit in the direction in which the work was 
applied, yet it renders the material much more 
liable to failure under alternating 8trc.ss. 
When the article is only required to carry a 
stress in the direction of working, the process 
is of groat use. For example, in the ease of 
steel wires for stranded wire ropes, or piano 
wires, cold-worked material may be used. The 
effect i)f the cold work on the structure of tlic 
wire can readily be understood. It causes a 
deformation of the ferrite crystals and an 
elongation of the pearlite. As will bo shown 
later, there is a further danger in using cold- 
worked material since under certain circura- j 
stances a coarse crystalline structure will bo 
produced by subsequent annealing operations, 
and lead to undesirable mechanical properties 
in the resulting product, 

§ (10) Tiik Annealing and Heat Treat- 
ment OF Steel. — The annealing and heat 
treatment of steel form a very important part 
of the manufacturing processes in articles made 
from this alloy. It is seldom that steel, after 
mechanical treatment, is in a suitable condition 
to be put into service, and some form of heat 
treatment is frequently applied. 

The purpose of heat treatment may bo 
simply to increase the softfiess of the material 
and render it more suitable for further forging 
operations ; it may be simply to remove the 
ill effects of cold work ; it may be to secure 
a desirable oombinatiou of liigh strength and 


ductility, or it may be to secure the greatest 
amount of hardness irrespective of the other 
properties of the steel. These and other 
objects, which are not capable of such ready 
control in most metals, require very careful 
ma lipuhition of the conditions at all stages of 
the treatmeiit. 

The annealing and heat-treating operations 
may be considered under the following heads ; 
(i.) the beating of the articles; (ii.) the main- 
tenance of the required temperature con- 
ditions ; (iii.) the cooling of the articles ; (iv.) 
the process of annealing. 

(i.) Heating . — Heating for annealing may bo 
carried out in any of the usual types of fur- 
nace, either gas-fired or electric ; in many cases, 
however, steel articles are of such a great size 
that all parts of them cannot attain the required 
temperature simultaneously. It has, for ex- 
am})le, been shown that in a solid forging a foot 
thick the centre frequently reaches its anneal- 
ing temperature, with ordinary methods of 
annealing, about an hour after the outside 
portions. This temperature gradient cannot 
be alteretl without the use of rates of heating 
so slow as to bo impracticable on a commercial 
scale, and it is perhaps unfortunate that steel, 
which is used largely in massive forms, is a 
somewhat bad conductor of heat, since this 
favours the setting up of a steep gradient in 
the metal. While this temperature gradient . 
is serious, it may be still more serious if due 
precautions are not taken, and the outer paits 
of a forging may be ruined before the inside 
has reached the requiied annealing tempera- 
ture. Further, in some cases forgings and 
castings which have different sections in 
different ])ortion8 have to be treated, and it 
is difficult, if not impossible, to ensure that 
the thin sections do not exceed the annealing 
temperature in bringing the thicker parts to 
this pi)int. The usual method which is 
adopted with large articles is to place them 
in a furnace which is slightly hotter than the 
required temperature ; the heat supply to 
the furnace is so regulated that the temperature 
of the article and of the furnace approach one 
another and, under ideal conditions, become 
identical at (he annealing temperature. Thin 
sections may be to some extent protected during 
this operation by preventing them from coming 
into direct con^ct with flame or from direct 
radiation from the walls, or by airai^r means 
(ii.) Maintenance of Temperature. The 
article must be kept at its annealing tem- 
jieraturo ^ for, a time sufficiently long to 
attain a uniform temperature throughout. 
Heating beyond this jieriod will depend on 
the effect which it is desired to produce in 
the steel, and must be considered separately 
in each instance ; but it has already been 
shown that where refinement of structure is 
aimed at by passage through the critical point, 
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the time at the annealing temperature should 
not bo prolonged. For other pui-poses, how- 
ever, some of which will be indicuited later, 
long periods are necessary. It is also obvious 
that, in operations where the exact temperature 
is of such importance, pyromctric control is 
desirable. 

(iii.) Rate of Cooling . — Where the tem- 
perature of annealing is below the Arl point 
of the steel the rate of cooling has but little 
effect on the resulting article, except when it 
is sufficiently rapid to lead to the production 
of internal stresses through more rapid rates 
of cooling of some parts than of others (this 
is not true of certain special steels, where the 
rate of cooling below the critical range is very 
important). When, however, the annealing 
temperature is within or above the critical 
range, the rate of cooling is of the greatest 
importance, and has a profound influence on 
the resulting properties of the material. 

(iv.) Annealing . — In the first place, wo will 
consider the effect of annealing different quali- 
ties of steel when the annealing temperature 
is above the critical range, and will indicate the 
effects both of annealing temperature and rate 
of cooling. In the case of hypo-eutectoid steel, 
as the temperature is raised the pearlite be- 
comes transformed into austenite when the 
critical point Ac I is passed, and as the tempera- 
ture is raised above this point the excess of 
ferrite is absorbed, until, when the upiier limit 
of the transformation range is passed, the metal 
consists wholly of austenite crystals. These, 
os wo have seen, arc at first small, but their 
size increases as the temperature is raised 
and as the time of annealing is increased. On 
cooling down no change takes place in the 
constitution of the alloy until the point Ar3 
is reached, when, if the rate of cooling has 
not been too rajiid, a or [i iron bcguis to 
separate from the solid solution, which 
process continues until the eutectoid trans- 
formation occurs. The manner in which 
separation of the ferrite takes place depends 
both on the size of the austenite crystals — that 
is, on the time and temperature of annealing — 
and on the rate of cooling. In the first place, 
the number of centres at which separation 
takes place deijencls on the rate of cooling : if 
this be rapid, precipitation takes place at a 
large number of* centres in an endeavour to 
preserve amstitutional equilibrium ; if cooling 
is slow, equilibrium can be preserved by the 
slow separation of this constituent at rela- 
tively few centres, towards which diffusion of 
the excess of the constituent can take place 
during the cooling operation. The number of 
centres of crystallisation dejwnds then on 
the rate of cooling. If, now, the crystal 
structure of the austenite is small, and 
the amount of ferrite is large, the growing 
ferrite areas finally become large compared 


with the original austenite crystals, of whose 
orientation no indication remains. In the 
(uise of a steel containing 0‘2 per cent carbon, 
for example, a structure similar to that shown 
in Fig. 8 is found. If, however, the amount of’ 
ferrite which separates is small, as in steels 
containing not much less carbon than the 
eutectoid, there is a distinct tendency for the 
ferrite to take up its position in the grain 
boundaries of the austenite, with the result 
that a cellular arrangement of the ferrite is 
obtained in the alloy. In the event of the 
austenite grains being large, as a result of 
overheating, the ferrite particles separate 
partly along the cleavages of the austenite 
crystals, and give a structure similar to that 
8ho^vn in Fig. 12, which represents the steel of 
the same carbon content as that shown in 
Fig. 8, with the ttole difference that it has been 
annealed at a higher temperature. In this 
case very much slower rates of cooling would 
be required to ])roduco the cellular type of 
separation. With liyperRMitectoid steels (he 
same argument ajiplies, with the difference 
that in this ca.so the constituent which separates 
is ccmentite. Since, however, this constituent 
is never found m such large quantities as the 
ferrite of low-carbon steels, and since its range 
of separation is larger (its limit of solubility 
is indicated by the line SF in Fig. 4), there is 
a greater tendency for the cellular type of 
structure to be formed, and relatively rapid 
cooling is necessary to obtain in it the angular 
needle - like form frequently associated with 
ferrite. It does not necessarily follow that 
the cellular structure found in (heso alloys 
indicates exactly the size of the austenitic 
grains which existed at a high tcmjierature 
in the metal ; it is quite conceivable that at 
many of these grain boundaries separation of 
ferrite or cementite w'ould not take place, in 
which case they might be hidden in the final 
product. There is, however, no doubt that a 
coarse cellular or acieular structure indicates 
a coarse - grained structure when the steel 
consisted entirely of austenite. 

In the case of steel of eutectoid composition 
there is no “ primary separation ” during the 
critical change, and the relation between the 
final structure and the structure at a high 
temperature is not so clear ; frequently steel 
of this composition consists of physically 
distinct “ grains ” of pearlite, clearly dis- 
tinguishable from one another, but it is by 
no means certain that the size of these grains 
is not determined more by the rate of cooling 
through the critical point than by any previous 
annealing treatment. 

A process of annealing which has attained a 
very general application consists in heating 
steel to a temperature a little in excess of its 
Ac3 critical point (not more than 50° C. 
above), followed by cooling in air. It is found 
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that in most ca^es this gives a uniform fine 
structure, with which are associated mechanical 
properties of a high order. 

When the rate of cooling is increased, a 
point is readied when a difference can bo 
observed in the structure of the steel. Ferrite 
(or cernentite) requires time for its separation. 



and when the rate of cooling reaches a certain 
value, which depends on the composition of 
the alloy, H('])aration of the massive primary 
ferrite is not complete when the eutectoid 
transformation occurs. Fuj. 13, for example, 
shows the same piece of steel as Fiij. !), cooled 
at a more raind rate. The amount of ferrite 
is obviously smaller when the rate of cooling 
is suilicicntly great. It also btllows that the 
comjiosition of the dark etching grains is not 
now that of the true eutcctoid, but that it 
contains more iron. On examination under 
high power it may often be found to possess 
the typical lamellar structure of pearlite, and 
may then be regarded as a “ diluted ” pearlite. 
The removal of free ferrite from the alloy in 
this manner has a strengthening effect, but 
reduces the ductility to some extent. Fre- 
quently, however, and always if the rate of 
cooling be increased still more, the pearlite ” 
cannot be resolved under the highest available 
powers of the microscope. In this condition it 
has been given the name sorbite, in honour of 
Dr. H. C. Sorby, the earliest worker in ferrous 
metallography. Its properties are not clearly 
defined from pearlite, into which it frequently 
merges in one and the same alloy, but it is 
distinctly a hardei-, stronger, and leas ductile 
constituent of the metal. It^must be regarded 
as essentially a mixture of ferrite and cernentite, 
in which time has not been given for the par- 
ticles to attain a size sufficiently great to be 
separately visible under the microscope. 


This constituent may bo found in steel of 
any composition, and may have a carbon 
content containing up to 1-8 per cent. Its 
properties are therefore not very definite in 
charactci. 

V/ith still more rapid rates the suppression 
of the structuial changes which take place on 
slow c( ohng becomes more complete. When 
the steel is ooolcd ve»y rapidly, as by dipping 
it into water, in entirely different structure 
is produced, an example of which is shown in 
Fig. 14, whicli reiiresents the structure of steel 
containing 0-5 per cent of carbon which has 
been quenched from about 1200° C. This 
temperature has been used in order to obtain 
a coarse structure, since a quenching tem- 
perature near the Ac3 point gives a structure 
in which the details are not readily seen. In 
this structure the outlines of the austenite 
grains are tiaoeahle, but, instead of the normal 
polygonal structure of a homogeneous solid 
solution, such as one supposes to exist- at the 
quenching temperature (and which has been 
proved to exist by other evidence), wo find that 
the grains are covered with a tracery of mark- 
ings, not vciy distinct in their outlines. These 
markings make angles with one another 
which are found to be similar to those of the 
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ferrite in cast or overheated steel, and which 
correspond with the cleavages of the ^ustenite 
crystals. When the carbon content is high 
(about TO per cent or more) the structure 
doas not as a ru^e consist wholly of this aeicular 
structure, but is partly composed of structure- 
less areas as is shown in Fig. 15. In this alloy 
the dark etching portions are identical with 
the constituent of Fig. 14. The light portions 
in this case are the constituent austenite, 
preserved by I'apid cooling, but it is never 
found possible, in ordinary steels, to preserve 
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the alloy completely in this form. It is always 
accompanied by a certain amount of the 
acicular structure, which is called martensite. 
This latter constituent is extremely hard, and 
is the constituent which confers its remarkable 
hardness on quenched steel. Its constitution 
will be considered later. 

When the rate of cooling through the critical 
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point Arl is rather less than that which is 
sufficient to preserve the alloy wholly as 
martensite, another constituent is sometimes 
found, usually accompanied by martensite, 
though sometimes alone in the alloy. This 
is shown in Fig. 16, where it appears as black 
etching areas, the light portions being marten- 
site. This constituent, while harder than 
sorbite, is not nearly so hard as martensite. 
It has been given the name troostite. In 
many ways its properties are similar to those 
of sorbite, and it has been shown to be similar 
to it in constitution. The work of Benedicks 
has shown that its jiropcrties can be explained 
on the assumption that it is a very fine mixture 
of ferrite and ceraentite, and ho has compared 
it with a colloidal solution. It appears to be 
different from sorbite mainly as regards the 
state of division of the ferrite and cementite 
particles. 

Recent investigations into these constitu- 
ents of steel have thrown light on their method 
of formation. It has, for example, been found, 
by taking cooling curves actually during the 
cooling of steel samples at different rates, that 
when the critical points occur at their equi- 
librium temperatures, the ordinary structures, 
consisting of ferrite and pearlite, are found. 
When, however, the rate of cooling is increased 
to such an extent that the critical points 
occur at lower temperatures, the intermediate 
structures which have been indicated are 


formed. For example, sorbite is produced 
when the transformation temperature is but 
little lowered ; troostite is found in the 
specimens when the transformation point 
occurs below 650® C. but above 360° C. ; 
martensite is only produced when the tempera- 
ture of transformation is lowered to below 
350° C. It is of special importance to note 
that the formation of martensite is accom- 
panied by an arrest on the cooling curve of 
the alloy, since it indicates that the trans- 
formations are not wholly suppressed. The 
constitution of this con.stiiuent will be speci- 
ally considered later. 

Annealing of steel may be carried out for 
purposes other than the refining of the 
structure. When it is simply designed to 
remove the hardness due to cold-working it 
is not necessary that the lower critical point 
should be exceeded ; in fact, if the maximum 
softness is required in the alloy it is better to 
anneal a little below the Arl point. The 
temperature at^ which^ recrystallisation of 
mechanically deformed material begins de- 
pends on the amount of deformation, and 
is the lower the greater the amount of 
deformation. In severely deformed iron re- 
crystallisation has been observed to occur 
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at as low a temperature as 350° 0., while it 
occurs m all but very slightly deformed 
material at temperatures below the critical 
range. The size of the crystals which results 
from the annealing of deformed material is, 
however, the greater the less the amount ©f 
the deformation, and for low degrees of 
deformation, large crystals are produced. lit 
iron and low-carbon steels this fact must be 
taken into account, since poor mochanica: 
properties, especially under suddenly appliec 
stresses, accompany large ferrite crystals 
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When these are likely to be formed it is 
better to carry out the annealing above the 
critical range, thereby ensuring a complete 
refining of the structure. Cases of extreme 
brittleness have been found in steel through 
the presence of coarse ferrite crystals produced 
in the manner indicated. 

There is another effect produced in steels 
by annealing, which is of importance. At 
temperatures a little below the Acl point the 
cementito films of the constituent pearlite 
show a marked tendency to collect into rounded 
globules, embedded in a matrix of ferrite. 
This phenomenon is rendered more rapid by 
the previous cold- working of the steel, whicli 
appears to lead to the fracture of the cementite 
films, and so facilitates their rearrangement. 
This process has been called spheroidising 
by Howe. Pearlite 
which has undergone 
spheroidising is 
known as granular 
]>earlite. It is obvious 
that this condition of 
the pearlite will not 
bo accompanied by 
such good mechanical 
properties as pearlite, 
since the support 
offered to the ferrite 
by the cementite is 
not so effective. 

Steel ill tliis con- 
dition is not very 

different in its 
mechanical properties 
from iron, and pos- 
sesses a very low 

elastic limit. Advan- 
tage is taken of this 
fact in certain opera- 
tions in which it is necessary to cold-woik 
steel. In this spheroidised condition it is 

more easily cold- worked, and on that account 

annealing for the purpose of softening alone is 
often carried out below the critical point, 
Spheroidising treatment is often given to tool 
steel which has to be machined, since in this 
condition it is much softer than in the pearlitic 
state. Fig. 17 shows a piece of tool steel 
(containing 1-0 per cent carbon) after anneal- 
ing at 650° C. 

§ (11) The Hardening and Tempering of 
Steer. — Reference has already been made to 
the property which steel possesses of becoming 
very hard when quenched under suitable 
conditions. As has been indicated, hardening 
occurs through the ramd cooling of the 
constituent austenite, and it therefore follows 
that it is only when the steel consists entirely 
of austenite that it can be completely hardened. 
To secure complete hardening, therefore, the 
steel must bo first heated to above its Ac3 


point, and must be quenched before it falls 
below its Ar3 point. If it is quenched from 
within the critical range, only those parts 
will be hard which consisted at the moment 
of quenching of austenite. Experiments have 
showr that pure iron is not capable of being 
haixlened by the severest quenchings to which 
it can bo submitted. In fact, it is not possible 
in the pure metal t-o prevent the complete 
transformation of 7 into a iron. The addition 
of quite small amounts of carbon confers the 
property of -becoming hard on quenching: 
with 0-1 per cent the hardening is appreciable, 
but not large ; as the amount of carbon is 
increased the “ harrlcning power ” increases, 
and becomes a maximum at a concentration 
near that of the eiitectoid. 

With hyper - cutcctoid steels there is a 
tendency for some 
austenite to be re- 
tained in the steel 
after quenching, 
under which condi- 
tions the maximum 
hardness is not ob- 
tained. This, how- 
ever, seldom happens 
if the quenching 
temperature exceeds 
but slightly the 
euteotoid trans- 
formation point, 
since under these 
conditions the excess 
cementite in the steel 
is not dissolved in 
the austenite, and 
hardening is then 
confinM to a con- 
stituent which does 
not appreciably differ 
in composition from the eutectoid itself. 

In hardening steel, as in annealing steel, care 
should be taken to avoid the production of a 
coarse austenitic structure, which produces a 
coarse, weak martensite, while it is of special 
importance that uniformity of temperature 
should be secured before steel articles are 
quenched, since irregular temporatures jiroduce 
irregular hardening and lead to cracking of 
the steel. In practice heating of small 
articles is frequently carried *out in lead baths 
or salt baths (chlorides and nitratestif sodium, 
potassium, calcium, and barium) on account 
of the ease with which uniform temperatures 
can be obtained by this method, and also 
because oxidation of the steel is less likely 
to occur. 

The rate of cooling should be as rapid as 
possible if the maximum hardness is required, 
and in this connection the nature of the quench- 
ing medium is of import-ance. Hardening is 
usually effected by dipping the articles in cold 
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water or in brine solutions. Recent research 
has shown that the cooling poAver of a quench- 
ing bath is, AAuthin limits, iiidcpondcnt of its 
actual temperature and heat conductivity. 
Benedicks contends tliat it depends almost 
entirely on its latent heat of vaporisation. 
Its temperature should, however, bo low 
enough to prevent the adherence of vapour 
bubbles to the metal. According to this 
view, methyl alcohol is a superior quenching 
medium to water, while saline solution is 
not superior. Lo (Jhatelier believes that 
S])ecific heat is the most important factor. 
According to Mathews, tlio rate of cooling in 
water remains quite constant u]> to a water 
temperature of 37'^ ('. ; but witli brine solu- 
tions, not only is a quicker rate of quenching 
obtained, but the cooling power of the liquid 
remains unimpaired up to a temperature of 
66® C. When the maximum hardness is 
not required in the finished product, quenching 
may sometimes he carried out in oil. This 
does not produce such severe “ hardening 
stresses ” in the material, since the rate of 
cooling is not very ra})id. 

It is evident that a large piece of steel 
cannot be cooled as rapidly by quenching 
os a small jiiecc, and that, when a certain 
size of sample is reached, the rate of cooling 
which can bo obtained is not sufficient to 
secure hardening of the material. Unfortun- 
ately, in the case of simple iron-carbon alloys, 
this size is not largo ; in the case of a pure 
alloy, t.e. one containing practically no 
elements besides iron and carbon, it is very 
difficult to obtain a sample which consists 
entirely of marten.site if the thickness is as 
much as half an inch. Commercial steels, 
containing the normal amounts of impurity, 
can be hardened In larger pieces, depending 
on the amount of impurity present ; it will 
be shown in the section devoted to special 
steels that the addition of certain elements 
makes the hardening of large pieces much 
simpler. 

In low -carbon steels, martensite, while 
considerably harder and stronger than the 
normalised steel, is still somewhat ductile. 
When, however, the carbon content exceeds 
about 0 3 per cent, martensite is extremely 
hard and brittle, and <- has practically no 
ductility. It is in fact practically incapable 
of withstanding any plastic deformation. 
Moreover, in addition to being extremely 
hard, the metal is usually in a state of 
considerable internal stress, ami is liable to 
fracture very readily ; indeed, hardened 
articles quite frequently crack spontaneously 
some time after they have been hardened, as 
a result of the existence of such internal 
stress. In order to reduce these stresses 
and to decrease its brittleness, hardened steel 
is usually “ tempered ” by heating to a rela- 


tively low temperature. This operation can 
be carried out without appreciably reducing 
the hardness, provided the temyierature does 
not exceed a certain point. The tempering 
temiiorature varies with the use to wliich the 
articles are to be put. It has quite an appre- 
ciable effect on the stability of the material 
at 100® while reduction of brittlentss is 
appreciable at about 2(K)® C. At 300® C. the 
hardness is apjireciably reduced, so that the 
tempering of tools is usuaUy carried out 
between 200® and 300® C. Hardened steel 
objects subjected to tempering in air, if quite 
liright to begin witli, gradually become 
coloured through the formation of thin films 
of oxide on their surfaces. The colours of 
these films vary with the temperature, and 
practical steel-workers gauge the amount of 
temperihg hy the colour of the film, the use 
of ])yromcters for this operation being far 
from general. According to Howe, the temper 
colours and tlic corresponding temperatures 


are as follows : 


Pale yellow .... 

. 220® r. 

Straw 

. 230® (t 

(lolden yellow 

. 24.3® (t 

Brown ..... 

. 2.^)6® a 

Brown dappled with purple 

. 206® V. 

Purple 

. 277® P. 

Bright blue .... 

288® a 

Pale blue .... 

. 297° C. 

Dark blue . 

. 310° C 


It is probable that the effect of time of 
heating is appieciablc, and there is jirobably 
not a close relation between the colour and 
tlie temperature of heating. The temper 
colours, however, appear to be closely re- 
lated to the nmaiint of tempering, and the 
convenience of the method of colour observa- 
tion in jiractico is so groat that it is not 
likely to bo discarded except in very special 
cases. 

If the temperature is raised above 300° 0., 
softening of the steel begins to take place 
rapidly. Up to this temperature the steel 
remains essentially martensitic in character. 
When this temperature is exceeded the 
martensitic character gradually disappears, 
and at 400° C. the structure consists wholly 
of troostitc. In this condition the steel 
can no longer be regarded as “ hard,” since 
it possesses appreciable ductility. The struc- 
ture is quite unresolved under the highest 
powers of the microscope, and etches to a 
uniform dark colour. Further heating results 
in the gradual production of sorbite, which 
is still not resolvable under the microscope, 
but is more ductile than troostite and etches 
more slowdy. The difference between the 
constituents sorbite and troostitc in tempered 
steels is not clearly marked, and it is difficult 
to say at what point the transformation of 
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one into the other becomes complete. When 
a temperature of 600® C. is reached it is 
possible to distinguish two constituents under 
high powers of the microscope, and in this 
condition the metal consists essentially of 
ferrite and cenientite. The structure is, 
however, extremely fine, even after long 
periods of annealing. A photograph of a 
steel containing 1 per cent of carbon, hardened 
and reheated to GOO® C., is shmvn m FUj. 18. 
The structure of such a stool is accompanied 
by most of the properties of a material which 
is required to withstand severe alternating 
stresses ; it possesses high strength and 
elastic limit, with good ductility (toughness) 
and a high resistance to wear, shock, and 
fatigue. In consequence, a double treatment, 
consisting in quenching from above the 
critical range, fol- 
lowed by reheating 
to a temperature a 
little below Arl, is 
frequently given to 
articles in which 
these (jualitios are 
desired. It should be 
noted hero that for 
this purpose it is not 
essential that great 
hardness should ever 
be attained in the 
metal, and quenching 
in oil is generally 
sutficiont to preserve 
a fine structure in 
the material. Ly 
suhse([uent reheating 
of this fine ■ grained 
metal the properties 
required in the steel 
can be obtained. 

The rate of cooling after tempering appears 
to have little influence on the properties of 
steel (except certain spciunl steels), provided 
it is not sufficiently rapid and irregular to 
leave severe internal stresses in the material. 

§ (12) Theories of the Hardenino of 
Steel,— The great degree of hardne.s8 attain- 
able by the treatment of a relatively soft 
metal such as annealed steel has never been 
adequately explained, though many and varied 
are the theories which have been advanced to 
account for it. 

The discovery of the allotropy of iron by 
Osmitnd ^ led to the first “ allotropic theory,” 
which stated that steel owed its hardness to 
the retention of the iron in the form in which 
it existed at the quenching temperature — that 
is, above the A3 point# According to this 
theory the hard constituent was 7 iron (known 
at that time as iron), and the ellect of carbon 
was merely to make the retention of 7 iron 
* Osmond, Iron and Steel Inst, J., 1890, No. I. 


more easy. 7 iron was considered to be very 
hal’d at ordinary temperatures, A t a later date, 
lu'wever, it was proved that 7 iron is actually 
a sottK'what soft material, even at ordinary 
temperatures; but, with the further investiga- 
tion of the critical points, the possible effei’t 
of what we now know’ as j-i iron had to be taken 
into a( count. Osmo?id, Roberts -Austen,^ and 
others were convei-li’d to the view that iron 
between A3 end A2 existed in a separate 
allotropic ffjrm, and this led to another 
“allotropic theory” still, known as the “beta 
theory,” w'hieh attnbuted the hardness of 
steel to the presence of ft iron. About the 
same time Metcalf and liUngley^ advocated 
another theory which took no account of 
the allotrcjpic forms of iron, but attributed 
the hardening to the enforced solution of 
carbon in iron by 
rapid cooling, the 
hardness being a 
direct function of the 
rapidity of cooling. 
Hardening is accom- 
panied by great in- 
ternal stresses, from 
wiiich result mole- 
cular strains, and 
hardening is produced 
by a similar process 
to the cold -working 
of metal. Carbon 
alters the molecular . 
grouping, and the 
resulting vstrainod 
structure is brought 
about within certain 
temjicrature limits. 

For many years 
the controversy raged 
round these two 
theories, but little conclusive evidence was 
])roduccd in favour of cither. With regard 
to the beta theory, it has never been shovm 
that ft iron can exist in quenched steel ; 
and if it had, there is but slight evidence 
to indicate that it wmuld be hard. Rosen- 
hain and llumfrey'* have investigated the 
strength of the different varieties of iron at 
high temperatures, and have shown that, 
within the critical range, a slight increase in 
strength occuis when the A2 point is passed 
on heating. There is, however, little to indi- 
cate that beta iron would have any considerable 
hardness at ordinary temperatures. There 
is, also, strong evidence in the equilibrium 
diagram itseft that ft iron cannot exist in steels 
containing more than about 0-4 per cent of 

* Eoberts- Austen, Inst. Meek. Eng. Proc., 1893, 
p. .^i43. 

® Metcalf ami Tjanpley, Amer. Soc. CirU Eng, Trans., 
xxvii. 382. 

* Hosenhain and Humfrey, Iron and Steel Inst. J ., 
1913, No. I. 



Fio. 18. -Tool Steel. 
Ilardencd and reheated to COO’ 0. 
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cartKm, since this form of iron <l(>e« not enter 
into the ctmstitution of gteciH containinu more 
than this ]>ereentage of carbon when they are 
slowly cooled, and there is no reaaon to Hupponr^ 
that it »loes ho, even <ih a transition product, 
when they are rapidly (jooled by (piemdiing. 
The fact that hanlening oecurH in allovH con- 
taining more than 01 jM'r cent carlM)n would 
ayipear to prove tliat the variety of iron 
existing ladween A 2 and A.'l, whatever its 
properties, can have no influeme <»n the 
jihenomonon of hardi'iiing. Iai t'hatidier and 
Uuillet have advanced the view that on rupul 
cooling through the critical range the tians- 
formation ui the iron from the 7 to the a 
Htate is not ]uevcnfed, but that the steel 
rcmaiiiH, nevertln'less, in the condition of a 
Solid Hnlutiini. llaidene<l sti'cl is Hnp|)os<'d 
to be a solid solution of carbon or iion 
earhidc in a iion, owing its hardness solely 
to its state of solution. TIih view is based on 
the author's helad that /t iron iloes not exist. 

Arnohl contends that euteetoid sU'cl, ahovi' 
il..s euteetoid IS lint, exists as the earhido Fc.,,(', j 
a chi'inical compound containing about. O-b 1 
per cent eatbon. This carbide, xvldeh hi* (alls ' 
hardcinitc, is very hard, and, being retaiiu'd j 
by rapid cooling, imparts hardiu'.ss to the 
(pienched steel. In hypo- and hypi'r-cuti'ctoid 
steels feriiti' and eenu'ntiti^ rcsjKMtively 
aro considerisl to l^c dissolved in hardimiti'. 
It follows that austenite and martimsiti' ' 
correspond to two dilTeri'iit conditions of the 
same carbide Fe^iC. This theorv is wholly 
speculative, and is not suppoiiinl by a single 
expel imental fact. It is, mori'over, not 
compatible with the aeee])ted constitutional 
diagram, and its author lias not ]>resenle(l 
any diagram in which FcjjO can exist as a 
])hase. 

\Vithin ix'cent years a nunilicr of “strx'ss 
theories” have been advaneed. Stres.ses may 
Ik> duo to (1) the .shrinkage of the outer shell 
on the interior during qnenehing, (2) the 
transformation with inereasisl volume of 7 
into or a iron. The e.xisteneo of these 
Rtrea.seB has been held to account satisfactorily 
for tlie hardness of (juenehed st<*el. (’arpenter 
and Edwaixls argue that in <|nenohing sti'ol 
these internal strcKsos cause internal straining 
of the metal, which in tiy u causes the forma- 
tion of numerous iuechanicivl twins and layers 
of amorplioiis material. The markings of 
martensite, in their opinion, oortt'spond to 
those tivins, and martensite Is sirnpl}' deformed 
austenite. This theory dilTers qnly in iletail 
from some of the earlier theories, but it does 
offer, as none of the others did, an explanation 
of the structure of martensite. No theory 

* Westgren {Journal of Iron and Steel Inxlitute, 
1023, No. 1 ) has sfiown, liy X-ray analysis, tlvit the 
Iron In murtiuislte consists mainly of a Iron. 

* (^arpentar and Edwards, Iron and Steel Ina, J., 

1014, Xc. I. I 


w^hieh has yet been published offers a per- 
fectly siitisfaetory explanation of the structure 
of this constituent. 

Met 'anee ^ believes that on cooling stt'ol 
quickly fiom alKtve its (;ritieal range the 
I wholtj of the earlsm remain.s m solution while 
j the hulk of the iron is convei-ted into the a 
! variety. This a iron, however, is m an ” intor- 
stramed ” condition owing to the fact that its 
; eiystallin*' units have been denied the tinu' to 
! a.s.suiiui a homogen«'<)UH orientation, and the 
InrdnesH of quenched steel is due to this 
I mteistraimsl condition. It is further eontendetl 
i that intiTstrairKsl iron cannot Iw^ described 
a.s amorphous, since it could not then be 
inagnelie. 

Jlnmfn'v ‘ eonsuh'rs that the hanlness of 
steel IS due to tie* presence of amorpliou.s 
niateiial. lb' says “ tlie haul stnieture which 
can he piodnet'd m carbon stc'cls hv quenching, 
and in alloy stf'cls by normal cooling, is due 
to the presonce of a haul amorphous solution 
of a lU'U and non carliide, wha li solution may 
he eompnied to r)eill)y’.s amorphous phase 
foniH'd by overstrain.” To e.xjdain the forma- 
tion (tf this amorphous phase the author 
advance's a thcoiy that the pas.sttge of a sub- 
staii'S' from one allotropie modilieation b) 
another of a dillerent eiyslallin«' form involves 
the temporaiv formatiun of an amor])lioii8 
.state, eoru'sponding to the hipml phase of 
the modili('ation alionl to be fonnod. In 
steels .such a change oecnis at All; and if, 
owing 1 ' the sudch'ii cooling or to the iiu'scnee 
of ('crtain alloyed elemc'nts, the change' peiint 
is lenvonnl to a tenqieiaturo he'low that at 
! whie'h nyslalhsation m the' viscous nuis.s he- 
j eome.s diilieult, then the amorphous form will 
j he re'tained m a metast.ilile' state in the cold, 
j Ho.senh.un •'’* has suggested that the hardness 
[ i.s due to tineness of stmeturex In this con- 
dition the amorphous phase, which he eon- 
; sideus exists hetwi'cn the crystals of all metals, 

I would be jnesent m a relativc'ly large quantity, 

I compaivd with the amount of crystalline 
! material, and greater hardness would there- 
I fore* re.snit. He considers that the allotropie 
; transformation takes ]>laeo to a limited 
extent, and that the a iron and iron carbide 
have no time to form crystals of appreciable 
size. 

Orenet * had previously advaneed a theory 
somewliat Similar tei this, but had not specific- 
ally nttrihuU'd the hardness to the existence 
of this amoridious rnetnl. He sbite.s that the 
hardening prcnluced by quenching is not due 
to the sufiprcsaion of an inversion but to the 
lowering of the temj>erature at which it occurs 
to such an extent that it occurs with extreme 

* MrCance, ibitl. 

* Hunifrey, Faraday Soe. Trans.. 1014. 

‘ Rosonlialn, Introduction to l%sical Metallurgy 
(Constable). ^ 

* Orenet, Iron and Steel Inst. J., 1911, No. II. 
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rapidity. He says “ we are thus led te 
ij^o conclusion that hardness produced by 
quenching is due solely to the fineness of the 
structure.’' 

§ (13) Cementation and Case-hakdentno. 
(i.) The. Proc£ss.~-Th<i affinity of solid iron 
for carbon is so great that if it lio heated 
in contact with a suiUble carbonaceous 
material at a suitable tempera tun> it readily 
absorbs this element. The purpose of cement- 
ation is usually to obtain a product having 
a soft • iron <jr mild - sUNil interior^ with a 
high - carlion exterior which is capable of 
being hardened. .‘\n article can therefore 
be obtained, by suitable treatment, of which 
the outer .skin, known as the “ case,” is 
bartl, wink' I he interior, known as the 
“ coic," is (jiiite soft. tSuch article*, while 
they arc able to withstiiifl wear, .ire less 
liable to become fractured than artk-lcs which 
arc hanl tbiougbout. 'I’lie process has con- 
siderable ]>iactical ajiplicatbai, and is widely 
used in the manuiacturc of tna<‘hine part* 
subject to wear, armour ]»latc, etc. 

A great varii'ty of carluirising materials are 
used foi this proK'SH ; the}' may l>e eitlier solid, 
liquid, or ga.scous, though solid ” cements ” 
are most commonly used. The most important 
are charcoal (luilh wood and bone), charred 
leather, cruslu'd bone, bom, mixtures of 
varying quantities of barium carbonate with 
charcoal and ( hurred leather, and of salt and 
charcoal; liquid “cements” are ow'd for 
obtaining an intense superficial hardening, and 
u.sually Consist of potassium ferro-cyanide and i 
])otassium hiehroniate, used in the molten 
conditmn The carburising of iron may also 
be ( arriccl out, under proper conditions, by 
means of gaseous reagents, such as illuminating 
gas or oil gases nch in carbfin monoxide, 
tiiolitti has shown that the presence of carbon 
monoxide i.s of importance during the process 
of cementation by means <}f solid cements, 
and it is probable that tiie greater part of 
the cementation is due to the generation of 
this gas. 

(li ) Absorbed Carbon. — The quantity 
of c vbsorbed during cementation dc- 

pcn« ) the composition of the iron or i 

stc' carburising temperature, (c) the 

lei Mit nio at that temperature, {dj the 
nat ,e carburiring material. 

(f iposilion of the Iron or Sted. — is 
proba .y true that the smaller the amount of 
carbon in the steel the more rapid is the rate of 
absorption. As carburisation proceeds — that 
is, as the steel becomes richer in carbon — the 
greater is the time required for the absorption 
of a given amount. In cementation, the 
material used contains as a rule about 0-1 
per cent of carbon. It should not contain 
more than about 0-2, since the production 
of a I'eally soft core is rendered more difficult 


with higher concentrations. The pretsmoe of 
impurities and intentionally addo<i elements 
may either facilitate earburisntion or hinder 
it. Huillet state* that those elementw which 
fonn double carbides with iron, such as 
n anganes<‘, tungsten, chromium, and molybde- 
num, fftV(»ur the absorption of carbon, while 
those elein(‘nta winch form solid solutions, such 
as nickel, silicon, an 1 phosphorus, make it inoie 
difficult. 

(/i) CQrburx.Cmg Temperature. — IVliile it is 
known that iron below’ its critical range will 
absorb some carbon, this absorptmn is very 
slow on account of the limited solubility of a 
iron for carbon. In order to attain a leasonably 
rapid rate of absorption the bunperature must 
exceed the upper eriiieal jioint, under wliieh 
eomlitions the iron carbiib' f()rmed in removal 
from the outside of the artick' hy difTusion. 
The usual temjieraturc is uhiuit {MK)' (\, 
though in some cases mucli higher tem- 
peratures are used. It is, howi'ver, now 
recognised that the Ih\sI results are ohtaiiUKl 
by the use of a UMnperature not apjireci- 
ai)ly higher than the upper limit of the 
critical range of the material which is being 
carburitM'd. 

(lii.) Didribuixon of the Carbon. — In most 
operations the production of an outer layer 
rich in carbon appears to take place relatively 
rapidly. The concentration of (‘arbon in the 
outer layer deiieruls on the enrhunsing tem- 
jierature. If the temperature used is IHM)® C. 
the muximum carbon concentration obtained 
in the outer layers is about 1-2 per cent. 
The ooncentiation decreases from the out- 
side inwards until the original material is 
reached. * 

(iv.) Ifeat Trexitmeni of Ca.se -hardened Artieles. 
— It iH generally required that articles which 
have hwm ea.se -hanlened should possess a 
haitl skin, anti to obtain this result they must 
be qucnchetl from above the critical point of 
the case. This could bo done by removing 
the articles direct from the carburising mixture 
and quenching in water. The structure of the 
material has, however, lieon rendered very 
coarse by the prolongwl heating at the car- 
burising temperature, and in onler to obtain 
an article of good quality it is necessary to 
submit it to a refining treatment. Since, 
however, the carbon contents of case and core 
are very different, the refining temperatures 
are different. \ double process is therefore 
adopted. The objects, after cooling from the 
carburising operation either slowly or through 
quenching, are reheated to about 900° 0., 
which is above the refining temperature of 
the core, and cooled quickly, generally by 
quenching. This refines the coarse structure 
of the core. At the same time it secures the 
complete solution of the whole of the cementite 
in the case, provided the carburising tempera- 
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turo has not oxcccdcd 900° C. Tho «ase, 
hovvi'vor, has lioon hcaU'il consulernhly above 
its hardening teinjKTaturo during this treat- 
ment, and has lieeorae unduly coarse in 
con8i*quonc(‘. The artich* is therefore reheated 
to a temjieiature slightly above the lowi^r 
erdical point of tho at eel and quenched. This 
tri'atinent produces a eaw' of maximum hard- 
ness and minimum grain size. It, moreover, 
reduces the hardness conferreil on the core by 
tlui refining treatment to which it has been 
subjected, by causing the precipitation of 
free b'rrite, which is nob reabsorbed at the 
linal hardening temperature. Tho case may 
be still further inniroveil, in fwime cases, by 
slight tempering. 

§ (U) iMeuiuTiics IN Stkkf.. — Commercial 
grailos of steel alw<^ys contain, in addition to 
oarbon, varying amounts of impurity, consist- 
ing chielly of silicon, sulphur, phos|)horua, ami 
manganesi', together with smaller amounts »)f 
other elements. (Jascoiis impurities, chiefly 
hydrogen, nitrogen, and carbon monoxide, are 
also usually pres(Mit, and may, in certain cases, 
exert an appreciable influence. Ndieon and 
manganese slumld, piuhaps, not la* terriu'd 
im)iuritie.s, since they are adde<l to tlie moltmi 
metal for spi'cilic purjioses, chielly to secure 
sound castings; but their effect may be eon - 
sidi'i’cid together with that of .substances such 
as sulphur and phosjihoru.s, which are present 
because they are derived from the raw 
materials, and it is not commercially jiraeti- 
cable to icniovc them entirely. 

Steel, as can hi' seen fiom a study of its 
equilibijuiu diagram, solidifies over a range <d 
temjicrature, ami the [lortions wdiich separate 
first from tlu^ luimd metal are purer than 
those which separate later. A .steel casting, 
like any other casting, has a cored structure, 
and the coring can only bo removoil bj 
annealing after tho metal is solid, and the 
rapidity witli which coring can be removed 
depends on the rate of diffusion of the disa»)lve<l 
substances. Now, it so happens that the rate 
of diffusion of iron carbide in austenite is 
extrmnely rapid, so that, in tho time taken 
for large steel ingots to cool dowm, it bec(»nies 
distributed fairly uniformly through the solid 
steel. This is, however, not correct of all tho 
other elements in steql, esjieeially of the 
phosphorus, and with suitable etching leagents 
tho coring of steel eastings can rcadilj" l>e 
rt^vealed. Hoyn, Rosenhain and Haughton, 
Stead, and others have intnxlucod reagents 
which are suitable for this purji^se. These all 
contain small concent rat ion.s of a copper salt, 
and are kiunvn os euprie roogents. Up to the 
present wo have only considered the structure 
of steel as revealed by the distribution of 
carbon. The cupric reagents produce a pattern, 
usually much coarser than that due to carbon, 
which is governed by the distribution of the 


di.ssolvcfl impurities. By its use, therefore, it 
is possible to study the manner in which tl\e 
cored structure of steel becomes modified as 
a result of the various treatments to which 
steel articles are subjected. Perhaps the most 
striking fact revealed by the cupric reagents 
is that, m the onlinary manufacturing pro- 
cesses to which steel is submitted, which 
involve heating for consivlerable periods to 
very high temjicratures, uniformity of distri- 
bution of the dissolved impurities is practically 
never obtained, and the cored structure of the 
original casting can la* revealed. During the 
rolling, forging, and other deforming operations 
to which steel articles are subjected, the 
structure of the castmg is distorted in a great 





Fig. 10. -Section of Forfiing (Crunk-shaft), 
♦'tclieil with Ihipric JtcaKcnt. 


variety of ways ; (‘lohing with a cujirie reagent 
enables one to follow the actual manner of 
distortion of the original crystals in a remark- 
ably clear w'ay. 10 shfuvs tho structure 

of a crank-shaft, a.s etched with this reagent, 
tho actual structure lieing magnified th about 
twice its natural size. The dark hing 

portions represent the purest portioiitl; and 
tho light etching parts the portions ric^hest in 
dis.solved impurity. They indicate very 
clearly tho character of the deformation which 
has been put on the metal at different parts of 
the article. The stnicture of this article, when 
etched with other reagents, is found to consist 
of ferrite and peaflite of such small size as 
to be completely unresolved under the magnifi- 
cation hei-e used. This method of showing the 
“ cast ” structure of steel has found con- 
siderable application in investigating the 
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failure of ateel, and will be discussed in greater I 
detail later. 

Silicon exists in solid solution in steel as 1 
the eoin])ound FeSi (some writers give the | 
com^Kiund the formula FciSig). It is not, as 
a rule, present in greater quantity than 0 II 
jier cent (O-O per cent of the compound), while 
it is usually less than this amount. In thes(' 
quantities it is without appreciable effect on 
the properties of the metal. Its distribution 
is not known. 

Phosphorus exists as the phosphhle Fe 3 p, 
and exists in solid solution. It has a marked 
influence on the properties of steel, and is 
usually present in very small amounts. In 
very few cases docs it exceed 0 1 per cent of 
the .steel. It increases the hardness and : 
hritthuicss of steel to a marked extent if 
prc<(‘nt in greater quantitf. Phosphorus i.s 
probably ri'sponsible, in a large measure, for 
the hek*rog(‘ncjty of steel which is shown by 
cu]»ric, n'agcnls, though le ( 'hatcher thinks 
that this elTcot is pAaluced chi(‘lly by oxygen, 
probably as iron oxi<lc. 

Suljiliur IS not prcw'iit in a greater amount 
than 0 0() per cent in steel of satisfactory 
quality, in whii'h <’asc it usually exists in 
combination with manganese, with which 
it forms a compound MnS. If the amount 
of munganest^ is very low, and the sulphur 
content high, it exists as FeS. Manganese 
sulphide has a high melting-point, and prob- 
ably solidilies before the steel itself is 
completely solid ; it appears in .steel eastings 
as rounded particles, of a dove-grey colour, 
which have little influence on its pnqiertic.s. 
During the working iff steel they iK'como 
elongated and, if jiresent in suflieient quantity, 
may l>e injurious. Iron Huljihide shows a ; 
tendency to form continuous membranes or 
envelopes round the grains of austenite ; it 
jirohably forms a eutectic with ausk'nite. 
having a low melting-point, and ap])ears to 
Ik) the last constituent to solidify. The well- 
known brittleness of sulphur-rich steel at a 
high temperature is due to the weak mechani- 
cal properties, low melting-point, and manner 
of distribution of this coiustituent. In well- 
made steel it never exists in this form, since 
sufficient manganese is always added to 
prevent its formation. It has a yellow or 
pale brown colour under the microscope. The 
distribution of sulphur in steel is detetrted by 
taking “ sulphur prints ” ; in this operation 
a piece of photographic printing - pajicr is 
soaked in dilute sulphuric acid and placed in 
contact with a polished surface. The presence 
of sulphur is revealed by the discoloration 
of the paper by the sulpliurettod hydrogen 
liberated. The distribution of sulphur in steel 
can be studied in this manner. 

It has been seen that manganese exists in 
steel partly in combination with sulphur. It 


I may also occur, to .some extent, as a silicate. 

As a rule, however, these do not account for 
1 all the mangani'.se prc.sent The rem.under 
I appeal's to form .h. carlude with some of the 
carbon present, this carbide being associated 
w.th the ceiiuiitite, from winch it cannot be 
distinguish*'!! by met allogra pine means. Man- 
ganese and iron ciiu also form solid solutiima 
with one aiiotlier, . ml it is probalib' fliat in 
some (ascs, for example wlun the carbon 
content is very low, mangaiie.sL' exists partly 
in this form. 

Ill addition to tlie constituents already 
mentioned, a numlu'r of oxides and silicates 
are also sometimes found, chiefly as nu'chanical 
cnclosuies. Iron oxale it.si'lf is jirolmbly 
: soluble ti> some extent iii iron and sk'cl, but 
only to a very slight extend 

IV'. Cast Ikon 

§ (l.V) Iron-eaibon alloys containing less 
than about 2-0 per c('nt carbon almost always 
follow the eijuilibrium diagram iron-cementite. 
When, however, the jiercentage of caibon 
cxceed.s this amount, under certain combi ions 
dissociation of tin* ci'mcntitc takes place, and 
graphite IS found in the solid alloy. 

"J'ho manner of .wolidificalion (»f east iron 
is n*)t \ery clear. By chilling alloys at a 
sufficiently rapid rate, the formation of free 
graphite can be entirely suppri'Shed and a 
structure eonsi.stmg of eementiteand austenite 
(which later undergoes liansformation) oh- 
tame*!. With .‘*low(>r latcs of I'ooling graphite 
is formed, the amount being dependent partly 
on the <•omlH>.' 1 ltion of tlu' alloy, ('specially 
with regaril to certain iinjuiiilHs. and jiartly 
on the rate of cooling through and immediately 
Im'Iow the solidification point. The mechanism 
of the foimation of graphite has been the 
8uhj*'*t <»f much controversy. I'ho suggested 
eqnilihimm diagrams of tli*' iroii-eaibon alloys 
mostly imheate that under ecjuilihrium eondi- 
lions graphite can .separate direct from the 
molten metal, both ns a primary cry. stall isation 
and as a grajdiiti'-austcnitc eutectic. Kecent 
experiments by a number of investigators 
point strongly to the fact that the forrnati*)n 
of graphite is alw’ays preceded by the sejiara- 
tion of eemcntite, •which afk'rwards dis- 
sociates. This dissociation ’apfiears to be 
possible at the eutectic tempcrai*ur(\ and 
proceeds more or less rapidly os the alloy 
co**U to the transformation range of the 
austenite. IM-oinixisition of the solid 8<jlution 
here takes place, and the eutectoid ferrik- 
cementite is formed. The cernentitc of this 
euteckiid may either pi'rsist or decompose, 
according to the mmpfisition of the alloy and 
the thermal conditums during c(>oiing. 

The micro-structure of cast iron varic's with 
the state of the carbon. When the carbon is 
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all in the eoiiibinKl atato, i.e. aa cementite, a brittle material, possesaing practically no 

the structure is that of a simple eutcctifcrous ductility. In the alloys in which the carbon 

alloy, in which either austenite or cemeutite is ail present as ceincntite this is due to the 

exists as a primary separation, according to brittle character of this constituent. Where 



J' lu. -0. - Cciucnlitc-poarlltc (White (’ast Iron). Kio. 22.- ('list Iron (Oraphitc, Ferrite, 

mill a little Pearlile). 

the coinpositiiin of the alloy. The micro- 

structuro of such an alloy is shown in Fhf. 20. graphite cxist.s, the plate-like particles destroy 
The white portions are ceincntite ami the the continuity of the more ductile ferrite or 
(lark portions aie pivulite, derived from : pcarlite, and fracture occurs through this 
ausOmito. Fh/. 21 shows the structure of <*‘»nstitucnt. The grey appearances of the 
a east iron in' which somo dec'omposition of i ffaeturo in this case has led to the use of the 
the ceimuitite has tak(>n place ; it contains | desciihc cast iron 



practically no free cemontite (other than that containing graphite ; when graphite is not 
eontairu'd in the pearlito), but dark plates of present the alloy is known as “ white cast 
graphite have l>een formed. Fig. 22 shows a iron." • 

cast iron containing almost all the carbon The conversion of carbon from the combined 
as graphite, in the form of curved plates ; a state to the free state is controlled, not only by 
small amount of pcarlite is, however, present. the rate of cociling, but by the impurities 
Cost iron in the “ os east " state is invariably present, and of these silicon has the moat 
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profound influence. Its action is somewhat 
complicated, but the general effect of increase 
in silicon is to reduce the stability of iron 
' carbide, and hence to favour the pn>duction 
of graphitic carbon. Sulphur, on the other 
hand, tends to make iron carbide more stable. 

The conversion of combined carbon into 
graphitic carbon finds commercial application 
in the production of “ malleable castings.” 
Under certain conditions of lieat treatment 
the graphite can be either (1) oxidised and 
removed from the metal, or (2) precipitated 
in a form in which it does not produce great 
brittlenesj*. In practice this is usually accom- 
plished by heating white-iron castings, packed 
in an oxidising material such as crushed iron 
oxide, and, as a rule, both the effects mentioned 
above are olitamed. The annealing temjiora- 


ture varies slightly, but is usually alsmt 
fiOd” U The structure of a mallt\ible casting 
prmluced according to one of these jiroccsses 
i.H shown in Fuj. 23. The (‘arbon in tins case 
(known us tcinpiT carbon) exists in the form 
of uunded nodules, and does not completely 
interrupt the eoiilinuity of the ferrite. Such 
castings have considerable ductility, and are 
widely lucd. p ,j 

Iron'-manoanesk Au.oys. Sec ” Alloy 
SYstcins, 'fv picul,” § (hi). 

Iron-nk’Kei. Alloys. Sw Alloy Systems, 
Typical,” § (lo). 

Iron Ore, furnaces for reduction of. Sw^ 
“ Furnaces, Electric,” §j4) (i.). 


Kilns for Eireiu.ay AimrLKS. Soo “ Ko- I 
fractorics,” § (IH). 

Kuyi'Tol : carefully graded jKiwderod graphite 
mixed vni\i some material (usually a form 1 


— I 

Laogino : a popular name for thermal 
insulating material. Soo ” Furnaces f(»r 
Laboratory Use,” (1). 

Lead Brass. Sec ” Alloy.s, Some Sjxscial,” 

Lead-tin Alloys. Soo ” Alloy Systoms, 
Typical,” § (9). 


of carbon) having a high spociiic rcsiHtanco; 
used for the construction (»f granular rciust- 
ance furnaces. 


Le\d - TIN - msMiTTii Alloys. Sec “Alloy 
Systems, Tyjiical,” § (17). 

Liuht Alloy.s, a<ivantag('s of. Sei* ” Alu- 
minium Alloys, " § (4). 

KtTcct of temi>cratiiri; on stiengtii. Si'o 
§ (3). 

LiciUinui?, in eipiilibrium diagram. Soo 
” Alloys, Const itutioii of,” § (1) (v.). 


M 


Magnesia, Pure, Turks and (/RUcihle.s. 
These can bo made in the laboratory without 
great difficulty. Seo ” Furnaces for Labora- 
tory Use,” § (3) (c). 

Magnesia and Magnesite Bricks. Seo 
“ Rofractorios,” §§ (47), (48). 

Magnet Steei«s used for making permanent 
magnets — tungsten, chromium, and latterly 
cobalt, being the metals usually added. The 
correct heat treatment Is essential. Seo 
” Steels, Special,” § (49). 

Magnetic Properties of steels. See “ Steels, 
Special,” § (9) ; also* “ Magnetic 
Measurements,” Vol. I. 

Use in investigating constitution of alloy.s. 
See ” Alloys, The Relationship of Struc- 
ture and Physical Constants,” § (8). 


Malleabllsing : the rendering of cast iron 
soft and malleable liy iiackmg in iron oxide 
and exposing to lieat. Sixi ” Metals, 
Thermal and Mechanieal Treatment of,” 
§( 12 ). 

Mangankhe in steel. Sec “Steels, Sjxicial,” 
§ (37). 

Mangane.se Bronze. See “ Alloys, Some 
Special,” §(1) (i.). 

MANGANESE STEEL 

§ (1) Introductory. — It is hardly [Missible 
in a short article like the present to narrate 
the important and interesting points in con- 
nection with the invention of this steel, or 
to describe its many applications and various 
advantages. While many steels in common 
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UHO CDHtaiii a small pro|>urtion of manganese, 
tlio name of rnanganest^ st(;el is particularly 
used in connection with an alloy «te<“l con- 
taining about 111 ]K'r c<-nt of inanganose, with 
1 piT cent to I T) ]H'r cent of <*arbon. 

(Steel of this com]K)8ition, discoveit^d in 1882 
as the result of the author’s rcsearclu's in his 
laboratories in (Sheflield, has many remarkable 
and useful pro|H?rtiea, and is in many rc8|)cct.8 
quite different in character from other stt'ols : 
in fact, its liehaviour, H|w‘eially as regards the 
rcHultH of heat treatment, is often quite the 
re verso of that expeiioneed with other steels. 
For example, it is ]iractieally non-rnagnetie, 
and when ([uenehed, instead of Ixung hardened 
and made eonqiarativcly lirittlo, as is the ease 
with carbon steel, its toughness is greatly 
increased. • 

Jloyond one or two H])eeial products, includ- 
ing the Mushet self -hardening steel -a com- 
paratively brittle jirodiut ami only useful for 
tools -manganese stc'cl repn'sented on a large 
settle th(^ first application for mdiistrittl ]nir- 
pos»‘S of stei'l ''ontalning high ]MTcentages - 
from about 10 to 15 jkt cent- of an element 
other than iron. It may Ik* said with full 
justilieation that th(^ pivsmit-day use of alloy 
steels is largely due to the attention called 
to tlimr po.ssibilities by th(‘ discovery of this 
inton^sting material. In this res^K^et, theiefoie, 
it may not be out of iilaco to quote here the 
opmion of the late Ih'ohwor F. Osmond, who 
III his time was one of tho leading smentiats 
and metallurgists m Kranoe. He stated : 

The Hadlleld discovt'ry and invention of mangancso 
stool was not only tho diaeovery of a now alloy, 
curious, of grout soiontitio valuo. and yot usoful. hut 
in tho history of llio metallurgy of iron it rankod as 
a diHooM'i'v o(|Uid in itn|(ortunco to that of tho olh'ct 
of ((Uenohiiig oni’lioii hU’oI, and was tho only ono of 
tho saini' ordor which it had Ikto rowTvod for «>ur 
ago to nmko. 

Frofeasor H. M. Ilow'o, the eminent Ameriean 
metallurgist, stated that : 

Mangaiu’so stool lias a cointnnation of properties 
wluoli, HO far os I know, was not possessed by any 
other known sufistiinoo wlion this romarkaldo alloy 
was discovorod hy Hodfiold. His further and 
e.\lromely important jHipers with reganl to this 
material have very grt'atly increased our knowledge 
of this remarkable suhstanci^ 

§ (2) PiiYaicAL rROVKRTiE.s. (i.) Ttmih 
jSfreHj/fA.—When suit-ably heat-treated, man- 
ganese steel ha.s a high tensile strength— 60to70 
tons pr^r square inch — combined with a rluctility 
represented by an elongation of^O to as high 
os 70 per cent measured on an effective length 
of eight inches, excetnling in this re8})ect that 
attainable with tho purest iron. A feature of 
its behaviour in the tensile test is the small 
local constriction at the ixiint of fracture, the 
contraction of tho cross-sectional area being 
distributed fairly evenly over tho whole 


parallel portion of tho test piece under stress. 
Its elastic limit is low and not clearly defined, 
that is, permanent sets are obtained with 
small tonnages, but for many purposes this 
has not been found to militate against its 
employment. Although its hardness of about 
20H under the Brinell test is not high, it is 
8]xieially resistant to wear, the jicculiar reasons 
for which are stated later. A further feature 
is that it is practically non-magnetic, a fact 
which at the time the material was discovered 
seemed specially to attract tho many scientists 
and engmoers who exammed it ; that is, at tho 
same time having in mind the large proportion 
of iron present, 88 to 90 per cent. Subsequent 
H'search has brought to light other non- 
magnetic alloys of iron, but none of the same 
Jicculiar nature as that possessed by manganese 
steel. In any (.use, it was the first niallcablo 
non -magnetic and ferrous product to be dis- 
euveitid. 

'riiese various physical qualities make 
mangancHo steel suitalile lor many purposes, 
for which it ha.s outstanding advantages as 
eomjiaifd with other steels, aiul it has in 
eonseijiicnoe had an important influence on 
engineering design, that is, the placing of a new 
maH'i'ial m thii hands of tlie engineer. 

{ii ) Resistance to Wear . — Its weur-ri'sisting 
qualities rimdi'r it suitahlo for a large range 
of applications, sucli as, for exainjile, the jaws 
of stone- and ore-crushers, juns, buckets, and 
links for dredgers, tramway and railway 
jiomts and crossings and rails, also hundieds 
of other puqiosoH. 

A.S Olio tyqiKial of many instances of tlie great 
advantages to Iw gained by the use of man- 
ganese steel in this dirt'ction, tho imiiortont 
layout supplied in connection willi the e.xten- 
Hive Hystem of the .SlictVield (’orporation Tram- 
ways may lx* quoted. 

This is situaU^d in Fitzalan Square, the 
centre of the city, from which tho tracks 
radiate in all directions. The system is so 
arranged to provide a through service of cars, 
and, owing to the location of this special layout, 
jiractieally tho whole of tho cars pass over it. 

The information given below is of special interest, 
as it shows how economy in upkccji can bo effected 
and how to minimise the delay caused by dmlixiation 
of traffic during reconstruction, this being a most 
important consideration in all industrial centres. 

It is quite obvious that the frequent replacing of 
rails at this important part of the city was out of the 
qutxtion— in fact, impracticable : that is to say. tho 
roads could not bo closed to traffic. 

In tho early days of electric traction in tho city 
this junction was constructed throughout with rails, 
pomts, and crossings df ordinary steel, but owing to 
the incline of the layout the amount of wear was so 
abnormal that the rolled carbon steel rails and other 
parts had to be renewed every few weeks, whereas 
after .several years’ service the amount of wear on tho 
manganese steel construction was scarcely appreci- 
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able. Thos, it ib quite correct to »ay that, without I 
this special material, the through service could not I 
have been maintamed except with the gri'atest I 
difficulty and abnormal exjiense. 

The first junction layout in manganese Bt«‘l 8U|»- I 
plied for Fitzalan Square was m 1901. Ita condition 
was carefully nniorded up to the date of removal in ' 
September 1907, when it was replaced, not because { 
it was worn out, as it was admittedly fit for si-veral 
years’ further service, but had to be reraovt'd to mt'et 
the demands of the greatly increased car service and \ 
the necessity to redesign the junction so as to provide i 
for additional tracks. I 

Tlie second manganese steel layout was laid in ' 
SepU*mber 1907, and has recently been re-laid ! 
without interfcR'nce with the car service or general 
traffic. I 

The following data respecting the two layouts 
demonstrate the suprenie wearing qualities of this 


most valiialilc manganc* 

s(' steel : 

• 



Kirat I.nyo'il 

hefonil Ijoout 



l.ti.l Bfpt. 11K)1 

l!tP7 


Ilnplai'CMl .St'ut 

Hfplarcd May i 


laor 

• 

I'.ll'l ' 

Average u umber of 


1 

cars jMT day . 

2,7(Kt 

,^.'510 1 

I’ennage jjer day 

27,(MH1 

30,000 1 

Maximum vertical 


1 i 

tread wear per 


1 1 

1 1 

10, (MW 

0024 in. 

0028 in. i 

Total vertical tread 


1 i 

wear in SIX \ oars . 

484 in. 

781 in. 1 ! 

Total tminb('r of cars 



that passed over 



1 

the junction . 

r).22r),ooo 

I3,r)(W,(XM> 

1 

Number of points 

8 

10 


Numlwr of crossings 

18 

28 


NunilxT of inter- 




st'ctions . 

28 

40 

i 

Number of rails 

47 

09 


NumluT of years’ 




wear 

6 

12 

j 

j Tobil weight of lay- | 



1 

1 out . . . . ' 

20 tons 

33 tons 



It is estimated that this second layout, which was 
kept in service for the long jieriod of twelve years, 
had a life of about forty-eight times that i»f the 
carbon steel layout previously in use, which was 
down only three months. As each layout costs 
about £2100, it w'lll be scon how very considerable 
is the monetary saving effected. 

(iii.) Tenacity. — The high tenacity and 
ductility of manganese steel, illustrated by 
Fig. 1, in which the effect of shots on 
a body shield Is show'n, accounts for its 
excellent behaviour as material for soldiers’ 
helmets, body shields, and thin armour, appli- 
cations which proved of such great service 
during the War, saving the lives and avoiding 
severe wounds of tens of thousands of British 
soldicr.s — in fact, Belgian, American, and other 
soldiers. It was also to have been adopted by 
the French Army had hostilities continued. 
Something like 6,000,000 of these helmets were 


made, and practical firing tests with shrapnel 
bullets demonstrated clearly the great 8U])eri- 
otity of manganese steel over other materials 
foi this puiqiose ; the physical qualities already 
mentioned, that is, high tenaeity combined with 
extrajrdinnry elongation, enable the matenal 
to resist tlio hulkt by bulging without |H'r- 
foration- -that is, the 'iiaterial takes up the 
impact ill a romarkalcy efficient manner by 



Fio. 1.— Helmet and Hinly Shield made of 
Manizunese (Steel. 


indenting gradually and thus offering a larger 
surface of resistance. 

The non ■ magnetic gualities of manganese 
steel have also ^n made use bi hy emj/loying 
it for armoured and other stnictu res .near the 
magnetic compass on ships and aeroplanes. 
Such structures have no influence on the 
compass, and • do not interfere with the 
directive action of the earth’s magnetic field. 

Other physical data are : 

Electrical resistance, 71 microhms per c.c., 
or 7 times that of pure iron. 

Thermal conductivity (0" to 100'* C.) -027 
e.g.s. units, or about one-sixth that of pure iron. 

Thermal expansion (0° to 100® (’ ) IH 
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millionths por “ C. —about 50 ])cr cent more 
than that of pure iron. 

Manganono nteol hebaves w(‘U in the casting oj)cra> 
tion, its iluuhty and uiiilily to HU moulds of intricate 
Hhni)eii being in sumo respects similar to that of cast 
iron. The castings arc spooially free from blow- 
holes The casting contraction of manganese st<iel 
IS rather higher than that of ordinary stiM'Is, and 
amounts to -30 to -33 inclics per foot. 

Owing to its 'eharaotcristio qualities, manganese 
steel eannot Ik) commercially machined. This 
difhcully iios U'cn largely surmountwl by so arrang- 
ing the castings or forgings that they can be put 
into use without any tooling, or they are ground whore 
this ojieration can Ihj carried out. In tlio case of 
links, wlieels, pulleys, gearing, etc., arrangements 
are made for easting into tlie articles mild steel bushes 
or liners, which can bo machined m the usual manner. 

Whilst mangai^ise 
sbs'l IS diflicult to roll 
or forge that is, except 

in plain, simple forms . k ‘'-l. > 

witfi cxjKTicnoe and 
careful attention to tem- 
perature and manipula- 
tion ri'iidi'mi possibh' 
hy improved mcthixls 
of control, articles of 
uniform scetion, such ns 
rails, sliocts, and plate's, 
an' now successfully 
manufactured. Wire 
may be drawn, but in 
this res|) 00 t the practical 
ditliouhies are consider- 
able and restrict the 
field of use. 


.V. 







Kiq. 2.— -Photomicrograph of Manganese Steel 
as cast. 


From the scientific h- 

jMiuit of view, man- ' • 

guiioso stool has 
proved of the groaU^st 
iiitoroat, and has led 
to much 8])o('ulatiou 

in the formulation of theories of the behaviour 
of the alloys of iron. It has in some ways 
h(d{)od us to understand many of the pro- 
bli'ins met with ; in others it has rather 
inoreased our difticulties in obtaining a correct 
explanation. 

§ (3) Thkrmal Proi’Krtiks. — Quenching, 
preferably in water from high temperatures, 
which with most steels has the effect of produc- 
ing intonso hardness, lias the contrary effect on 
manganese atiHil, and confers on it its condi- 
tion of greatest ductility and toughness. It 
is ehiefiy in this condition that it is used 
commercially. 

Another peculiarity of manganese steel is 
the entire absence of any critical point in its 
heating or cooling curves, except under the 
siieoial conditions mentioned later. In all 
ordinary, as well os hardening and self -harden- 
ing, strols, these critical points are of con- 
siderable importance in guiding heatv treat- 
ment. The conditions, both as regards rate 


of heating and cooling and maximum tempera- 
ture, may be varied within wide limits' 
without the ap^iearance of any critical points 
or changes in the character of the heating and 
cooling curves. In all these treatments the 
material remained non -magnetic in the case of 
manganese stet'l. These curves are therefore 
ajiparently of no value in guiding lieat treat- 
ment. Thus tlu' cooling of ^ piece of raanganepo 
steel as represented by the curve is very much 
of the same nature as that noticed when a 
specimen of a higher-carbon steel is quenched 
and cooleii suddenly. In view of the extra- 
ordinary effect of heat treatment and cpiench- 
ing on manganese steel, it is specially curious 
to find there is no internal evidence — that is, 
08 furnished by the usual heating and cooling 
curves — as to what is 
takingplacointorrially 
111 the crystalline or 
atomic structures dur- 
ing ('itlier heating or 
«*oo!ing; in other 
words, no clue is ob- 
tainod with regard to 
the extraordinary 
change of structure 
5 which goes on in this 
material wlien it is 
transformed from the 
original embrittled 
state into that con- 
dition in whicli it jios- 
sesses ductility not 
(equalled by iiny other 
alloy of iron or steel. 

As regards its struc- 
ture when cooled, the 
microscope shows 
that manganese steel 
after being water- 
toughened has a pure austenitic structure, 
the carbon being in complete solution. Fig. 
2 shows manganese steel in its original con- 
dition — that is, as east ; and Fig. 3 the same 
material watcr-quenched and toughened. 

“ Annealing ” in the neighbourhood of 
500*^ C. for many hours renders manganese 
steel quite hard, namely, about 450 to 500 
under the Brinell test — and machinable, 
though not easily, — also veiy brittle, in 
contra-distinction to most other steels, where 
annealing ha« the opposite effect. Whilst the 
specific magnetism of manganese steel before 
undei^oing this particular heat treatment is 
practically nil, about one part in 30,000, it 
reaches value of about half that of pure iron 
after this heat treatment, its non-magnetic 
character being Broken down. Even to-day 
there is no entirely satisfactory explanation 

* Hadfleld, "Heating and Cooling Curves of 
Manganese Steel," Iron and Sieei InttiMe Journal, 
1013, 
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of this extraordinary range in magnetic 
quality. 

§ (4) Micro-sthucturb.— Microscopical and 
chemical oxaminatum has shown the effect of 
the treatment {iroduc- 
iiig a magnetic and 
brittle product just 
mentioned to l)o the 
deposition of a double 
carbide of iron and 
manganese in acicular 
form. This double 
carbide, which is 
much harder than the 
matrix, and stands 
out in relief on j^olish- 
ing a section of the 
material, h tlie prime 
cause of the harden- 
ing effect in the an- 
nealed jnoduct 

Ueheatmu to a liigh 
teinporatuie and 
quenching in water 
comph'tely restores 
the ductility, non- 
maguetu! qualities, 
and physical charac- 
ter generally of the material. An examination 
of tlin heating curve in this o|M*ration shows 
a critical point at 070^ C. where tlie double 
carbide is re - dissolved, analogous to the 


iiiciva.se. Singular t4) say, however, this latter 
change is not jiermanent, as on restoring the 
material to ortlmary kmiiH'ratures it regains its 
original and extraordinary toughness. In view 
of the unusually high 
iluotility of the 
material at ordinary 
lemperntuivs, namely 
50 per cent to 70 ]H'r 
cent elongation, on 
test bars of 8" effec- 
tive length, this is 
very nmiarkable {t'ig. 
4). Oh.servatioiih of 
the mati'iial under the 
microscojio do not 
a])].K'ar ts) show any 
strqclural changes at 
the lower tempera- 
tures, 

't he cxtnverdinnry 
t<i»ighnc8s ami duclihty 
(»f inangaticse Htccl is 
sliown by the Btn-ss- 
Hliaiii diagrams obtained 
by I’roh'ssor A, \V, Ih 
(now Sir Alexander) 
Kennedy, then of the 
Engineering Department, rnniTsity College, London, 
in cf»niJi.rtion with the (liMiisBion on the paper 
“Some Newh -discovi re<l I’roja-rties of Iron and 
Maiiganene ’’ nad before the liiMlitution of Civil 


iM 




Fio -IMiotomlerograph of toughened forged 
Mangaiu'^e .^teel heateil and \v.iter-<iuenehe<l. 



critical point Acj in carbon steel produced by 
the solution of the pearlite. 

At the lowest attainable temperatures, even 
down to that of liquid hydrogen ( - 250° C. or 
23*’ absolute), manganese stefil retains its non- 
idagnetic qualities, but its ductility at this 
extremely low temperature, like that of many 
other steels, is practically destroyed, the 
tenacity at the same time showing a slight 


Engineers. 1888. Ab Sir Alexander Kennedy then 
remarked, “ the r'^ulta given by the AfK-ciraens are 
most remarkable as shown by the figures of work 
done under fracture. For ordinary' bar iron this 
quantity is 4- or /i-inch tons per cubic inch, soft steel 
6-inch tons, and only very ezcepUonally 7-, 8-, or9-inch 
tons fw very ductile bar steel of strong nature. 
But figures approaching 18-, 20-, and 24-inch tons [ler 
cubic inch as given by the specimens of manganese 

2 A 
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arc, H(» far us 1 know, (jUiU- uiipri'ccdi-iit^il. 
(Icrtainly tlicy ar<' vi ry ti in.irk.iljli 

ill till' Siiitic laljoralory and on April 1, 1920, that 
iM thirty four ^uiis l.it< r. I’lofissor K (i. (V»kcr, 
F It.S., ti ilid a. liai of tin* toujiliciird nmnjfam-Hi- 
Btcrl, wliirfi slumrd (ifi tons maximum Htri-M» witli 
Gl |a'r (iTit clon^'ation on a Icngtii of H'. Thest- 
rcHiills wt rt* ploUi'd and aro ahown in tlu* accoinpuiiy- 
ing diagram, I'nf \ 

Tina test is of spcnal interest, iieeaiiso the 
figureH sliowri givi' the complete data in a \<'ry 
minute manner fiom start to limsh of the test in 
queatioii. 

§(5) iltuDMKHS. — A further and again n'- 
luatU.ihli' eharaeteiistio of this material is its 
|)io[)erty of ae([iiiring i onsideruhle hardness 
under nioehameal didormation ; in fael, this is 
tho seeri't of its vvoiideihil diiralnlity a ]ioint 
for a long tune iiotMinderslood. 'J'he diseoven r 
of this explanation was Osmond, who was imr- 
tieiilarly faseinaled witli the many euiious pio- 
peituH of tile niateiial, and with whom th«‘ 
writer of this artiele for many yeais i arrit d out 
important rollalioratuo experiments. In its 
uiideformed state tlie mateiial is leally rather 
soft, hnt when meehanieally ilefermeil it may 
ae(|uire a hardness up to as mueh as TmO or 
580 IJrinell. It is this ]K‘euli.ir (juality of 
liardeiiiiig vi'ry eonsiderahly hy pii'Hsnie mid 
deforniatioii -no matter Imw sliglit eoin- 
hiiied with tlu' toughness of tin* niat<*rial, 
wliieh aeeouiits foi its \eiy high lesislanee to 
weiu* ; the working surfaces of tin* nitieles m 
use hy slight deformation ae(|niie this hnixlness 
and m eonseipii'iiei* ri'^ist alutision ' 

Maag-uii'se stei*! shows its best wear resi.^-ting 
(pialitu'S under the hardest working I'oiidil ions, 
and where its dnrahility has not heen so gieat, 
tint IS when dealing with ahai]), ('asily fnuhic 
mali'iials, tins is ])rol)ahly aeeoimted for hx 
the fact that these do not suflieieritly liaiden 
the working surfaces of the steel. The indiis- 
tnal value of a mats*rial, which the linrder it is 
worked the hetler and greater its resistance to 
wear, will he readily understood 

Us liardness iii the latlie is also doe to 
the same eausi*. Deformation is produced by 
the cutting action and presHun* of the tool 
which in it« turn brings about the increase of 
liardness which is so v.diiablc. When this 
liardness is produced then live material cannot 
be machined iii a prai'fical way. 

Tlie oharacteristio of manganese steel in 
tho tenJiile test, ixTcrred to above and illus- 
trated in Fig, 4, and tlie practical uniformity 
of section over the whole length even up to 
the point of fracture, may be explained on 
similar lines. In tho course of tho test a 
point IS arrived at, as with other steels, where 

‘ This quality is fully ilcseribod and dlscusseil by 
the writer of this article in Ills lucmor.induin on 
liardness In the report ot the Hardness Test Research 
Coiuinitf ee of the Institution of Mcclianlcal Euginoers 
(Nov.-Dee. 1010). 


tho conditions of stress become unstable, 
leading to a local constriction. In the case 
of manganese steel, however, the slightest 
constriction locally liardens the material to 
such an extent tliat it at once becomes at 
that point eipially as strong as at other portions 
of tlio bar where no such constriction has 
occurred. No |>ortion of tho bar is therefore 
weaker than another, and elongation of tho 
material continues uniformly tlironghoiit tho 
length until tinally the hardening effect of 
deformation reaches a limit. 

Tlie same fact opei.iles in tho drawing of 
rnanganosc steel xviie — jiassago through tho 
dies meclianieally lianletis the material to a 
much greater extent than with oidinary steel, 
noi’essitatmg reduction in easy stages, with 
water touglicnmg after each draw to restore 
tho ductility. « 

It IS ail inteiestmg scientific fact that 
hardness anpiiieil in this manner is not 
accoiMjianied by any appieciable modification 
ol tile non-magnetic ])ropcrties. 

'Tlie great im])ortanc(* ot tins invention, 
an entirely Ihilish one, is evidenced by the 
empIojm<*nt which the mnnufaelure of this 
nuiteiial now gives to many thousands of 
woikpeople, not only lu this country but in 
Ameiiea and ('Isi'where, and tlie savings 
elh'cted by its nsi* in tlie woild’s work, that 
IS 111 time, labour, and expense, amount 
to wry large sums yearly. A total of 
about half a million tons of nianganeso 
sb'cl has already heen produced and put 
into service. 

'Tlie following remarks witli regard to 
these* rcHoarelu'S W(*rc madi* by tlie author 
wlien entering up and iccorcling them in 
his Experimental Notebook on Septemlwr 7, 
1882 • 

1 wiiH led to make tlK‘><c experiments, having in 
view tlu* ]iroductinn of a aticl which slicaild be hard 
and at llio same time tough 'the experiments have 
Ital to .some very curious results, ja-rhaps most 
mnmenloUH ones tliat mav quite alter pn-scnt metal- 
lurgical opinions as to alloys of iron. 

These words wen* written foity years ago, 
an<l have indeed [iroved to lie true. 

The table of bibliographical references, Sections 
I. to III (nppendeil on pages oTl-J). gives the 
history of this material, to which both the words 
“curious” and “fascinating” can without exaggera- 
tion be truly a})phed. This bihhograjihy chiefly 
deals with information existing at the time of the 
invention of this material. With tho exception of 
the further pafara of the author since that date 
there hasc been little outside information added to 
our knowledge of this suhjc'ct of manganese steel. 
In fact, beyond gaining general experionee in the 
luanufacluro of this material, manganese steel stands 
to-day ]>ra«ticnlly of the same quality and type, as 
when invented forty years ago jj. 
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Manuanfshr Stekf^s, influence of low tem- 
pemturoH on physical pro]K»rt.ios of. iSoe 
“ Skielfl, SjKicial,” § {4)a (v.). 

Martenhitk : a constituent of Htecl. See 
“ Metals and Alloys, Miero-stnieture of,” 
§ (7) ; ” Iron-carhon Alloys,” § (10). 

Mkcuankjai, OKFonviATFoy, with roF'anl to 
rearran^nMuent of (Tystallino structure of 
inotals. See ” Metals and Alloys, Micro- 
stmeture of,” § (.■)). 

Mkc ifanicaf. PitoiMCRTifFH of typical stools. 
Se<» ” Steels, Sp<!cial,” § (fl). 

MR<Mrvvi(’AF. 'Pfsts on Steel. Conditions 
under winch tluiy are earrio<l out. See 
” Stoels, Special,” § (f.!) ; see also ” Elastic 
('onstants,” Vol. I. 

Metu, Mioro SEi’»ioNS, inoiintinu ami level- 
liii)'. S(H» ” Metals, M icroscitpic Examina- 
tion of,” (;}). 

Pn^paration of. See ihitl. § (1). 

Pn'sorvation of. See ihul, § (4). 

Treatment of dillicult shape.s. See ihid. § (o). 

M ETAlJilTRO K'A I. Eurnaces. See ” Eunuieo.s, 
Eh'ctric,” § ( 1). 

M ETAr.FjiRoic \i. Mk’rosf'oi’IC. S(s' ‘‘Metals, 
iVlicroHcopic Evaminalion of,” § ((’»). 
CreenhouL;h typ(>. Sec ilud. § ((5). 

Chats^KT type. Sia* ifnd. § (ti). 

Rosenham dosi;rji, ,Seo thid. § (0). 

Mfftm.h, failum of. See ‘‘ Metals, l)cf<‘cts and I 
Endure of,” § (7). 

METALS, DEEECTS AND EAILUHE OE 

A\ exact delinition of the meamii«; of the 
word defi'ct m ooimeetiou with metals is some- 
what diflioult to deliiio. A metal aitielo may 
fad heeaus** it is of unsuitable composition, 
or, thougn it is of suitable composition, 
because it has been wrongly treated during 
manufaeture, or beoau.se it has been iiu- 
])ro{)eily treated in servdee. Eor the purposes 
of this article it will be as.sumod that it is 
d(‘sircd to produei' a metal or alloy of (hTinite 
compo.sitioii, free from appreciable amounts 
of impurity, and to jirepare it m such a manner 
that it sliall have the Ix'st properties associate*! 
with that particular das.-, of material. The 
manner in which its* properties may be 
adversely affcclwl during the dilTercnt stages 
of manufitclure will then be considered. 

Defects may l>e considered as lieing duo to 
unsuitable conditions in any of the following 
operations of manufacture : 

(1) Melting, pouring, and solidification of 
the ingot in the mould (defects of the 
ingot). 

(2) Hot working, 

(3; Cold working. 

(4) Heat treatment. 


§ (1) Defects of the Ingot.— Under this 
heailing may bo considered, among other 
things, all causes which produce a molten 
metal which, at the moment of pouiing, 
is of a (litTercrit composition from that which 
is intended. 

{\.) Incorrect Mixture. —Th'm may arise 
through the use of impure materials, or scrap 
«)f uncertain composition, and may give a 
material in which the di^sircd properties cannot 
po.ssibly be obtained. 

(ii.) fjMs during Mdluuj. — This may occur 
through ov(*rheatmg, as, for e\am[)lc, in the 
case of brass, whmv zme is readily lost by 
volatilisation. Too low a tcmpcrariire may 
bo injurious wlum melting together metals of 
wid*‘ly dilTerent im^lt mg - points, when one 
may remain uninolti'n or be incompletely 
ili.ssolvcd in the other. 

(ill.) Incomplete Mixinr/. - - When dealing 
with mi'tal.s of dilferent densities, mixing, as 
a riil(\ only Ixs-mnes comjilete if tlie molten 
metals are stored sufiieiently, since the 
lighter metal tends to ifoat on the heavier, 
and e<iuali.sation of comjiositioiv by difTu.sion 
IS slow’. 

(iv.) ( ’ontumuuifion from Furnace Maieriah^ 
etc.- Will'll the alloy i.s meltofl m large 
({uantitic.s, ns in IIk' cmso of steel and a few 
non-ferrous metals, it is a eommon method 
to melt the nu'tal on tlu' liearth of the fumaec. 
In tlio ca.so of a furnai'e of the opi'n-hearth 
type the metal comes into contact with the 
material of (he fiiinae*», with the fuel gasi's, 
and with (he products of combustion. An 
ideal furnace material, as a rule, is without 
action on the molten metal at the ivorking 
(('inperature In certain special cases, how- 
ever, reactions between the furnace lining 
and (lie melt arc sought, a.s, for e.xatnple, 
in the basic open - hearth process in steel 
manufaetiiie, in which phosjihorns is removed 
from the steel by eombination with the basic 
lining. Non -ferrous metals are generally 
nu'lti'd m crucibles, from which they may 
derive impunties ; aluminium alloys can 
become contaminated with silicon from clay 
crucibles, though under ordinary conditions 
of melting this docs not happen to a serious 
e.xtent. If the metal be overheated, however, 
the reaction is more rapid. Similarly, alloys 
of this metal sometimes dissolve iron when 
this metal is used os the crucible material 
if a suitable protective coating is not used. 
(Yucibles containing graphite and clay are 
w idcly used for metal melting. Alloys contain- 
ing nickel may be contaminated with carbon 
from such enicibles. Nickel may l)e ruined 
by melting in ci^ntact xvith carl>on ; this 
clement is readily dissolved by the molten 
metal, but is deposited during solidification 
as a eutectic of the two elemAnts. Fig, 1 
shows the micro - structure of a sample of 
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nickel contamiiiateti in this manner ; it 
resembles the structure of cast iron, and the 
plates of bnttlo graphite destroy the ductility 
of the nieUd. 

Contamination by the fuel is a common 
source <jf dcfwts in metals. Where solid fuels 
are used it should lie possible to prevent 
contact Ix'tweeii the fuel and the melt. 
Through earelessne.ss, however, particles of 
coal or coke may entt'r the crucible, and may 
impart carlxai, sulphur, or other impurities 
to the metal. Copper alloys are jiaiiicularly 
liable to absoib 8 ul|)hur in this manner. 
Both when solid or 


under three main heivdings: (A) Piping, (B) 
I tlo wholes and alUixl deft'cis, (C) Structural 
deftH ts, ( 1 >) Mixluinical defects, cracks, etc. 

(A) Pri’iNo. — These defects are the result 
of the phi'iioineua which normally accomiiany 
soluhtieation. Piping is caused by the diminu- 
tion in volume which occui's in must metals 
j and alloys fioru the moment jiounng is com- 
menced to that it winch the metal is ipiito 
solid. As BolidilK-ation piomals from the walls 
of the mould, luiuid metal Hows outwards 
towanls the sohd crystals which have alreiuly 
separated. So long as this inllu.’c of liquid 
metal can take jilaco 


other fojiii.s of fuel 
are used imimrities 
may lie acijuired 
without actual con- 
tact with the fuel 
itself, through the 
medium of the ])ro- 
ducts of coinbustioif 
It IS practically im- 
possible to protect 
m<‘tal completely 
from these, smec they 
may icach the metal 
through the jiorous 
material of lh<‘ cru- 
cible itsi'lf. It is, 
however, an advtUi- 
tage to pn.lcet the 
metal by the use of 
covered cruel blcs, 
since the volume of 
gas which comes into 
direct contact with 
the melt 18 thereby 
considerably reduced 
(’ontamination at this 
stage may consist in 
actual chemical com- 
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the jiroduclion of a 
sound casting is 
jxissiblc ; when the 
supply fails internal 
cavities are inoduced 
in the ingot or cast- 
ing. This is known 
as piping. It is the 
more likely to occur 
the larger the casting, 
and in the case of 
hti'cl can only with 
the great<'Ht dithculty 
be av(tided. It is 
fiirtJicr more common 
with high melting- 
point alloys, since it 
IS dilhcult in this 
case to prevent the 
formation of a solid 
“ crust ” over the top 
of the mould before 
the metal inside is 
completely sohd. If 
this takes jilace any 
shrinkage of the 
nu'tal during further 
solidification must re- 


bination between the suit in the formation 

metal and elements 1 Nkkd contaminated with ('Hrh<»n f)f ^ Hand- 

of the gases. Copper, castings of variable 

for example, readily absorbs oxygen or section unsoundness is often found in the 
sulphur from the furnace gases, under thicker jiarts, since the siipfily of fresh liquid is 
favourable conditions, with the jiroduction stopped by the prior solidification of the thin 
of oxide and sulphide, which exi.st as im- parts. This must lie counteracted by the use 
purities in the solid product. On the other of gates and risers of ample size, which should, 
hand, the metal may merely dissolve gases for preference, be placed on thf thicker sections, 
from the furnace ; the influence of dissolved Piping does not necessarily take the /orm of a 
gaseous impurities largely depends on their single central cavity; in small castings it is 
behaviour during the solidification of the more frequently found that the liquid has 
metal, and will be considered later. “drawn away” from the already solid crystal- 

Among the minor sources of defects may lites in certain parts of the casting, giving a 
be mentioned stirring-rods, tongs, and other local “ porosity ” of the article. An example 
implements used in handHng crucibles, and of this is shown in Fig. 2 in the case of an 
carbon electrodes in some processes of electric aluminium alloy. It is the form of the 

isotherms in the mass of the metal, and their 
displacement during solidification, that deter- 
mines the form and importance of the jiijie. 
The piping will therefore be reduced by slowing 


melting. 

§ (2) PoURINa AND SOLTDinCATION. — De- 
fects produced by incorrect conditions during 
ppuring and solidification may be considered 
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down Holidilicution and inodifyinj,^ unf([ually 
tho rain of coolin)^ in difTorrnl parts of the 
castirif' m kucIi a way as to dcfoim thoH<! 
iMothoim-^, and in particular by maintaining 
tlio metal in tlu' o|xm part of tlu‘ mould liquid 
for the lon;^^^ 8 t time 
Tlio object airntxl at 
irt to jiroduce a 
deformation of the 
isotherms compensat- 
ing' for the relK'at of 
the metal. In the 
case of steel, inj'ots 
arci usually of liiijj;e 
si/e, and a pipe is al- 
most always lormed, 

Special irndhods ,ire 
adojited to dimiinsb 
and eoiitiol the posi- 
tion of the jiipe. 'rii(‘ 
most usual methods 
arc' 

(i )'rhf'n)ial M ftltoih. 

■ (a) ( ’oiitrolliin' the 
poiirim' teiiifierat iiic'. 
in j'eiieral tlieic' is a 
best tc'irqicrat lire' tor 
poiirinj'. 'Plus may 
have to be varic'd with 
mould tempc'i'at lire 
and other conditions. 

{h) Keepmtt the- top 
of the iii^'ot hottc'r 
than the rest, This 
may be done' by iisinj^ 
moulds h.ivme tlu'ir 
greatest width at the 
top. 'riu' otTeet of tlu‘ shape of the mould on 
the position of the pipe ia iiidieatc'd m Fuf ;l 
SIcpw pouring is sometimes adopt cal; by suitably 
adjusting the rate of pemring soliditicatioii is 
made to take place from the bottom upwards. 
Artilieial Imaling of the top, by vaiious mean.s, 
is sonietinu's adojited, while in other eases the 
toj) jiortioii of the mould is 
Const riietc'd of refractory non- 
conducting matc'Hal. 

(ii.) VhjMral M rt hath. —The 
contraction of the metal in the 
mould is canufiensatc'd for by 
ajijilying extennd jiressure to the 
ingot, eit^ic'r by lateral compres- 
sion, longitudinal cornjiression, 
or both. I’liis is ajijilied when 
the outer jiarts of the ingot are solid, but the 
central portions are still liquid. Uy allc'wing 
to a certain c'xtent the formation of blowholes 
the central cavity is naturally deci*eased. 

(iii.) Characteristics of the Pipe . — Acecording 
to the conditions above mentioned the pipe 
may be localised, or be hmg and narrow, or 
may jienetrate (h>eply and be continued by a 
soriea of canties in a chain. According to 
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whether the gases of the atmosphere have 
penetrated or not, the sides of the pipe may 
be* oxidised or metallic. I'he cavities may bo 
tilled more or less with slag and cinder. In 
the cavities are found in relief the dendrites 
of solidification, while 
in the jiarts adjoining 
the cavities the nu'tal 
IS jiorous owing to 
the retreat of the 
lujuid between the 
(lend rites lii st formed. 
Rolling or forging 
Hat tens tlu' r-.ivities, 
but usually does not 
weld 11 1 ) the sides ; it 
also [iroduccH, by the 
deformatum of the 
ai boresci'iit den- 
drites, a tibrous 
texture w hu h can be 
seen on bieaking the 
metal, J’ljie is tlu're- 
foK' distingui.shcd 
by 

(a) A more or less 
I'ontral jiosition. 

(h) 'I’lie |in's(‘nce of 
slag and other non- 
nictallic im|nirities. 

(c) Fibrous frac- 
ture, oxidisi'd or not. 

(f/)(\>ne('iitr,ition of 
dissoKcd imjmrities 
(see under “Si'giega- 
tion ”). 

{iv ) Detection of the 
Pipe -The jiijie only excejitionally ajijieais at 
th(' surfaei' of the iinished jnecc'. It mav be 
fouml in b.u's or billets by e.xamining a frac- 
tuH' with the aid of a h'lis (tibrous a|)|)ear- 
anee) ; the fr.u'ture should preferably ho 
m.ide by notching the b.ir all round and 
breaking across. One can also examine a 
jiohshed and etched eioss-section 
(excessive slag and sego^gation). 
These methods may fail, how'- 
ever, if the jiipo ia di.scontinuoua. 
It may then be necessary to 
grind down the jiiece from the 
out.sido surface until the defect i.s 
disclosed. 

(v.) Eliniitintion of the Pipe . — 
It is usual to remove the pijie by 
“ cropping ” the toji jiortion f>f the ingot. 
The quantity of metal thus lost depends on 
how^ elfecuve have lx?en the methods adoptal 
to reduce jiiping.e Further, the de.stination 
of the ingot may lie considere<l in determin- 
ing the amount cut oil , for cxamjile, for the 
manufacture of tubes or cannem the centre 
is reniovc'd, and less cropping may then bo 
allowed. In certain cases the ingots may be 
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split Innj'itinlinany into four jnecfs, ami tlioso 
rolloil into barn. The piix^i is then Imni^ht 
to tl»e surface. 

(It) Bi.owiioi.Ks. —These result from the 
inipnsonment in the metal durinn solulitica- 
tioii of buhhh's of /.(as. (las may anst^ from 
(u) a dccK'ast', smblen or o1 hi'rw isi*, m the 
Solubility of dis.M)lve(l jias dm mu eoohn^j; in 
the mould and Holidilii ation ; (b) leaction.s in 
the molten metal Minch ^ive use to c;aar*ou.s 
prodiK Is. 

(lase.s di.sbohed in mclal.s aie taken u|> from 
the, fuinan' atmospbeie while the metal is 
molten. 'I'lu' ticatment in the fuimu'e is 
theiefoK' impoitant. While it is not neee.s- 
sarily tine f(n all metals, it ajipears in some 
ea.sc.s that luMtiiif/ to an unneccssaiily hi<.di 
tempeialuie is haimful in this n'sjust. The 
ea.stmjj; eoiubtions have an •ulliieiin' on both 
tlu* amount of e.is lilKuated ,ind tin* po-'itioii 
of the blowholes on the inyot. Kor euli 
metal and all'iy theie appeals to be a liest 
tem}»t‘ratui(' of p(»u,-no with whnh the IiIkum- 
tion of ji.i', is a mmunum. 'I'his (astin;f tmn- 
jieratnre ma\ \aiv with the .si/e of ini'ot, 
mould, tmiipmatme, etc. All tlu* ;.ms lilieraled 
by the cooling' metal does not tu-eissaiily 
foim blowholes; some will es»ape ftom the 
metal and some will be diueu into the ]ii|)c. 
In castings cooled (juietly bubbles tend to be 
formed oil snifaies paialhl to the walls of (he 
mould, and t<t be cl'*noat<s| in (lu> diiei turn 
piupi'iidicnl ir to the walls The zone of 
bubbh's approaches nean-r to the suifatc of 
the i.istm^ with mi'talH of hi.uh meltmo-|j(,j|it, 
and when thi' e.istin;^ tt'tnpei.itnie is Ini'll. 
The smfaet' of a blowhole ma\ be oxidisrd or 
not, .leeordmo to whether the e.ivity was m 
contact with (he air or not while the metal 
was hot. 

All thermal processes tending to diminisli 
pi[)in>' also tend to pievent the foimatioii of 
blowliolos, since tliey also allow bubbles of 
gas to ese.ipe The jiliysieal methods, in- 
volving compression of the iiigcit, have little 
inlluenee on blowholes. In the ease of non 
and steel the evolution of gas can be to a 
largo extent controlled by the addition of 
certain elements to the metal imme<liately 
before easting. 8ilii’un and small amounts of 
aluminium are used. They jirevent (he forma- 
tion of huhliles h(‘fore the metal becomes 
solid. Similar methods ha\ c been little .studied 
in non-ferrous metallurgy. Tn these alloy.s 
control of the casting temperature is the best 
remedy. 

(i.) Ejfecf of Blou'hnlf.H on the Worlin/j of 
MetaLs, — Forging or rolling elongates these 
bubbles and brings the ^ides together, but 
does not, <is a rule, weld them up. When the 
working is severe the blowholes an* <lraw'n out 
into long lines ; on opening one of these 
“ lines ” the sides aj)j>ear fibrous on account 
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of iho drawing out of the dendrites which 
existed on it.s surfai*e. If the hubbies are lu'ar 
the siirfai-- they may open out during rolling 
o! ilrawmg. giving use to sjiills on (he surface ; 
if tins d.><‘s not liappeii “blisters" may bo 
form'd on the sutf.iee dining subseiim'iit an- 
lu'alings liy the expansion of the gases eon- 
laint'd in ('•( ni 

(il ) of i',l n'hohs. -'Woy do not 

apjiear on tlu seiface of an ingot or easting, 
wineh m.iv have a pel bet skin while being 
lioim\eombed in.-'ide. They are n'adily de- 
treted on a polislietl station. On a eilt or 
mnelnned snif.iee the larger boles only ajipear ; 
tiu'.siiiallei holes aie hiddi't! by the "dragging” 
of the .suilace. In bais sujx'i licial lines can 
be revealed by cleaning up the metal, or by 
eaieful (inning. If llie bar is cut rajiidl} with 
oil out lie siiif.n'c, blowholes (.m sometimes bo 
lev cak'd by the release of bubbk's of gas. 
J>uring foigiiig, if lilt* sinfaei' of the metal is 
being extended in a diier lion jterjiemlleiilar to 
(lie ilireetioii of tbi* line.s, tliey ojien up and 
bee onie moie v isible. 

((.') S’lui < Ti H VI. Dn i rrs. - ruder tins bead- 
ing m.iy Ih* considered defe< ts diii* to (i.) nil- 
elesir.ible stMK'tiiie or i oust it iition, and (n.) 
segiegatloll. 

(i ) Shudure. mid Condduiion. — Size of 
stiiietuie has an im|>oilant etfeei on iho 
piopeitii's of metals and alloys. In a easting, 
si/e of .strut t UK* IS govi'riutl laiL'ely by iho 
rate of soliditieatioii , tins in tuin dejii’iids 
t)ii tlio natuu! of the moiikl, on its ti'iniieia- 
(iire, and on the easting tem]ieiatine of the 
allov S.nul moulds an* pom eonduciors of 
lu'.it and k .id to sk»vv Holidilieation, with the 
jiioduclioii of a eoaise structure in the metal ; 
niet.il moiikls piodiKi* a liner Hlruetnii'. The 
Inglier the temperatures of the mould tin* less 
the ddlen'iiee between I In* temjieiatiiies of the 
mt.iild and the metal, and the slower the 
process f Holitlitieation. A high e.isling tem- 
perutuie piodiiies a ctiaiser stnielnii* situ.e it 
vvaiins the mould before sobdiliealioii foin- 


menees. Simil iily, the larger the easting t bo 
■ coarser tin* strnetuie. Foi material of the 
highest tpiabty a line stria tnre is desired, 
; and, when p issible, metal moulds should Ih) 
, used. When this is impossible, improvements 
' may tifU'ii be etTectei! by the introduction of 
I metal ehills into .s.ind inonld.i. 

! When Holiddieation is rapid crysVils B-'ud to 
, be elongak'd in a direction jierpendieiilar to 
, the walks of the mould. When two faces of 
' the mould nu'ct at a shar}) angle, the growing 
crystjils may assume a struetural arrangement 
.similar t<» that shown in Viq. 4 {n). A surface 
I of weakness then exists at the junction of the 
' twx) sets of crystals ; by rounding off the 
I comer of the mould as in Fig. 4 (6) an improved 
; structure is obtained. 

1 In some alloys, especially those wiiich undergo 
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trarmformationH in the solid state, the eon- 
stitution may doix'nd on the rate of eooling, 
eitlior throu<'}i the solid ideation jioint or 
throiiffh erilieal jioints at a lower temperature. 
As an e\fLm()lo may he (j noted the case of 
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oast iron of certain compositions, which have 
an entirely dilton'nt eonstitution aeeoriling to 
vvludluH’ they are cooled slowly or quickly (st'c 
section on “Iroii-carhon Alloys”). Rapid rates 
of cooling give a “ white iron ” which is vi'ry 
hard and hrittlo ; slow rates ^dve a “ grey 
iron ” which is relatively soft. 

(li.) Stujnyation . — Defects duo to segregation 
are extremely common in alloys. Sohdilica- 
tion takes place over a range of tomperaturo, 
and the solid crystals at any moment during j 
solidilieation are in eqiiilihriuni with a liquid 
of (lifTerent conijiositioii ; it follow's, therefore, 
that unless solidilieation is extremely slow the 
last portions w hich heeome solid havoadilTer- 
ont composition from thos(^ whuh separate 
first. In geiK'ral, the impurities of an alloy 
become concentrated in the last iiortions to be- 
come solid, and their inlluenco may depend 
more on the amount to which th(\v si'gregato 
during solidification than on the total quantity 
present in the alloy. 

Segregation of impurities generally occurs 
in the neighbourhood of the central cavity or 
pipe of a ciistiiig, since this is the last portion 
of the ingot to solidify ; it must be remein- 
lK>red, however, that every crystal of the cast- 
ing has, as a rule, a vaiiable composition from 
centre to periphery, so that segregation is 
associated with every individual crystal of the 
alloy. 'J'he first kind of segregation, which 
consists of a geneivd variation of composition 
of the alloy from outside to centre, is some- 
times rc'h'rred to as the ” niajtir segregation ” ; 
the variation in com}K'siti«m in the individual 
crystals themselves is , knowTi os ” minor 
segregation.” Tim major segregation in an 
alloy is thij more likely to lead to defects, and 
it should be reduooil as much as possible. 
Since, however, it is due to the natural proceas 
of solidification, it is impossibla to avoid it 
completely. Perhaps the best method of re- 
ducing it is to use ingots or castings as small 
as possible for the required purpose. The 
problem is not really of serious importance 
except in the steel industry, in which the 
policy of using small ingots has become 
common. 


Segregation may have a direct influence on 
the projierties of an alloy on account of the 
inferior quality of the metal in the segregated 
zone, which will, in general, be more brittle 
and less resistant to shock than the purer 
portions. It may be further harmful in the 
case of alloys containing entangled oxides, 
slag, and similar material. Particles of such 
impurities are frequently tus|K'nded in liquid 
metal before it is cast ; the larger particles 
rise to the suriace or sink while the metal is 
still li([uid in the cnicible or ladle or mould, 
but smaller jiart-ltdcs are trajipcd in the metal. 
I’liese are pushed before the growing crysUd- 
lites, and become collected in the last jiortions 
to soliihfy. They are therefoie associated 
with the most imjiurc jiortions of the casting, 
whore their presence is ])iobal>ly most harmful. 
This arrangement of the particles is found 
particulaily in the case of the slag particles of 
steel, which are always present to some extent 
oven in the best metal. During forging and 
w'orking of an alloy the segregated areas are 
('longated in the direction of working, and 
may be drawn out into liru's or bands. An- 
nealing will rmnove the elfects of si'gregation 
by facilitating ditlusion ; during this ])roces9 
the crystals become unifoini in coinjiosition, 
and soluble constituents pass into solution, 
and, unless they are present in sufllcient 
quunti<y to saturate the solid solution, they 
may bo removed in this manni'r. The amount 
of annealing necessary, however, is sometimes 
considerable, and is the greater the larger the 
original crystal slructuro and tin* lower the 
temperature of annealing. In some cases the 
amount of annealing re(|uired is so great as 
to bo commercially imjiracticable. 81ag par- 
ticles and other impurities insoluble m the 
solid metal cannot be removed in this w'ay, 
and retain tlu'ir jiosition in the alh y except 
in HO far as this is modified by subsequent 
mechani(“al treatment to which the alloy may 
ho submitted. 

I'he detection of segregation (coring) re- 
(piirer, in many cases, the use of special etching 
reagents, and for many alloys suitable reagents 
have yet to lie discovered. An etching reagent 
which will reveal the crystalline structure will 
not necessarily reveal small differences in 
chemical composition in neighbouring parts of 
the alloy. For example, ferric chloride is very 
commonly iiseil for etching brass, for wliich it 
is, in most coses, very suitable. It does not, 
however, as a rule, reveal the segregation of 
the casting. Ammonia, on the other hand, is 
an excellent reagent for this purpose. Perhaps 
a more striking example is found in the case 
of steel ; regents* have recently been de- 
veloped for revealing the coring or minor 
segregation of steel, and their use has led to 
a considerable advance in our knowledge of 
the solidification of steel and its behaviour 
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during the various processes of manufaclurc. 
(The use tliis reagent will lx* referred to 
later.) 

Sulplnir ])rinting is also resorted to in the 
Ciuso of stfel. Ill this }>ioces 8 , a piece of 
onlinary photographic hioniide pajw'r, whieli 
lia.s been soaked in lO per cent suiphiirie aeid 
solution, IS |»lace(l in contact with a giouiid 
sill face of the metal. Particles of metallic 
sul[)hides in the metal react with the acid, 
prodming sulphuretted hyilrogen, which reacts 
with the silver saltsS in the paper and produces 
a dark stain. The distribution of the sulphur 
can thus fie studied. 

Ordmaiily thi' rt'siill of segiegation during 
solidilication is to juodueo an ingot in which 
the oiitiT layeis near the mould surface ate 
the puri'st. In ei'rtain eases, however, the 
reverse is found. lo>r example, m the case of 
the sil\er-coj)j)cr alloy used for toms (stcilmg 
siher) it is iisuallv found that the concentra- 
tion of eoppei m the outer layeis is grcatei 
tliaii 111 the cent re oi thi' ingot. 'I'lie dillercnee 
in conceiitiMlion betwi'eii outside and etaitre is 
gri'atiM' 111 dull castings than m sand c.istmgs, 
and it has bciai suggMti'd that the phi'tiomenon 
is due to the cM^tema' of a tempeiatiiri' 
gratlient in the molten metal before sohditica- 
tioii eouiniences. Tlie exact mei hanistn is not 
understood. Tlie iilusionicnon i.-, .sometimes 
known as " liquation " It has lieen observed 
in a numlier of allo\s, and may be general if 
the eondit mi s arc suitalile. 

Segregation imt infiisjuently occurs thiougfi 
dideienei's in density bi'tweeii dilTeicnt con- 
stituents in an alloy. In tins case, if the 
crystals which lirst .sepaiate are b.,htcr than 
the liquid from which they are deposited, 
they will tend to use to the to|i of the ingot. 
Dirtieiilties fiom this cause ate fKapiently met 
Avith in the ca.M* of ceitam bearing metals. 
For exani])le, in tin rich bearing metals in 
Avliieli the com[)ound SnSb oceum the lightiT 
crystal.s of the (ompound rise rapidly in the 
mother h((iioi, and if soliililication is slow very 
considerable dilTerences m compoMtion will 
be found Ix'twecn top and bottom of the tast- 
ing. 'rile remedy in such a ease is to rtsluce 
the time of solidification. 

(1)) MEt’ii.vNTfWL Defects, Crvcks, ktc — 
A large variety of mechanical defect.s may Ikj 
found in an ingot, the seriou.sness of which 
dei)end.s in many eases on the use t4) which 
it is to be put. They may be classifieil under 
the following main headings: Cracks and tis- 
sures ; distortion; and suidace defects. 

(i.) Crarks and Fissures. — t’ooling ef an ingot 
takes place from the .superijeial region.s, which 
become colder than the centre. During the 
first period of cooling, therefore, while the 
contraction of the outside i.s greater than that 
of the interior, the outer layers are in tension, 
and under favourable conditions cracks will 


’ form. During the later stages of cooling, 
however, the conditions are rtwersed, and 
' internal luptures or “ lissures ” may Ihi ])ro- 
diieed. 

Ciaikw .nay fium at any stage after solidi- 
ticat.on has eomiiK need, 'riiey may lx* either 
longitudinal or tiaiisversc. Such eraek.s ari' 
exposed to ll.c oxideing action of the atmo- 
sphere, and lieeoiiii' i lated with a la\er of 
oxidised metal ahull, if not remoxed from 
the suifuec by chipping or si ia|>mg, will iicmist 
thioiigh the siihscqucnt opciatmiis of woiking, 
and lead to a di feet m the product. Tlie 
production of tiari.sveisc ciacks is facilitated 
b\ sticking of the ingot or casting to the 
mould, either tlmmgh welding or through 
' roughness of the mould surface. In the ease 
of eastings of coiuphealed i-liapo miule m nudal 
moulds it is essential to remove the easting as 
soon as possible after sohdilii ation is complete, 
since the eoiitr.ietion of the cooling metal is 
prevented by the rilalively cold mould. 'I'lio 
same is tiue in the lase of sand moulds when 
the sand cannot “ give ” suniciciitly to follow 
the emit 1 act loll of the casting Sand cores 
for liollow la.slings b.ivc to be specially pre- 
]iaicd with this jioiiit m vu'w, and they are 
usually nin<l(‘ in siu h a manner that, under 
the inlliieiiee of the h.gh teinju'ratuie and 
(ontiactioii pK'ssuie of the casting, they 
collapse into powder. 

The Umdeiuy to cracking in the pciiphcral 
/.'iik; is im leased liy a normal disposition of 
the perijihcral dcndiiti's to the side of the 
mould, and tlii*' (lb-el is |iaituulaily marked 
at the anghs of reilaiigular ingots, the dia- 
gon.ds bemu [ilani's of weakness The form 
w'hu h a (lack taki-s drjiends mainly on the 
I tmiiperalure at whuh it is foiiiu-il. Most 
; metals and allots, when near the melting- 
i jioint, fraetiiie liy the separation of the crystals 
' from om another, wheieas at low temperaluies 
; it IS molt usual for a crack to be jirodueod by 
the fraetuie of the erystals themselves. Inter- 
I crystalline erueking near the melting jioint 
flomi'times lakes plaie imdi-r very low' stresses, 
and materials which are jiartieularly li.ihle to 
this form of failure require very eureful treat- 
1 merit in the mould. 

i It by no means follows tliat severe, con- 
1 traction slrt'sses will result m fracture; in 
i some cases the metal will heeomo plastically 
; deformed, and thus ndieve the stress? 

Fissures arc, in many resjiects, more serious 
I defects than surface erarks, siriee they are 
i invisible. They occur in the interior of the 
; metal, and the zone of segregation is naturally 
' most 8ubj(‘et to these defects. If the internal 
: fi.sHure is jirodiieed while the centre is still at 
a high temperature the fracture is coarse- 
grained, and has a chanictcristic osjiect ; 
this occurs eH])ecially in very large ingots, 
such as steel ingots, in which the cooling 
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in lipriod to HlKtrtcn tlu' |»ipp. If tho 

lisHuro ocPUiM at a low tpinpcraiuri! it is 
tiriP-^o'aini*'l ; hndi fr.icturoH aro found jiaili- 
cularly m nictal.s pussosHintf a low elongation, 
eHpccially wlion they also imderfjo a low 
temperature transformation, as in tho e.iHO of 
8elf-hardenin|j; steels. 

'I'hev may also ho produced duiing re- 
heating (.se(‘ under “ Meat Tn atment ”). 

(li.) Ih'<tnrttim -In <-eit.iiin eases, as has 
hi'on indiealed ahove, nne(|nal *a1e.s of oool- 
inj^, or ohst met ions in tlar mould, may cause 
distorlion without prodiicin}' niptiin* of the 
mati'riid. 'I'lie senoiisness of such a defect 
will di'pend on tier piiipcKse to uhich the 
casting is to he put. In tho casi' of an ni^ot 
intended for foi^^ini' or lollinj' it may not 
ho serious, hut. iiua shaprsl casting' it may 
ho Hunicientlv serious to lender it iinsiiitahlo 
for its |)iirpos(\ 

(ill ) SinJdCf’ Ihfft'l'i .\ l.ireo nnmher of 
minor defects, dmiotcd hy a still laiirci 
numher of names, mainly piodmts of tin* 
foundi\', may lx* found, Cohl shots, cold 
shuts, or cold drops ari' riefocts produci'd hy 
splashiny of tlu' iiu't.il in tlu* inoiihl ; the drops 
lu'oonH' lapidly chilhsl on hittuii' the walls, 
and 1110 not K'liK'ltisi hy contact with the 
risiinf metal, 'riiey aro tlu'ii tiapprsl, usually 
hctwocn the surface of tho <-astin '4 ami the 
wall of th(' mould. Veins ari' iiiouiihir \\a\y 
rnarKiULis which occur on tho siiifaco of a 
castinc when too much “ <ti<‘s,Mnc " has hccii 
iifiplusl to the mould siirfacr'. I'’ms m* h'atlu is 
are produc'd when tmd.d runs hi'twomi tlu* 
joints of tho mould. Scabs an* I'oimli piojr'c- [ 
tioiis caused hy tho mould hioakin,u or hiinc 1 
washed away hy tho metal. Himklos or [ 
HWi'lls ani produced hy the mould hoiii^j pusherl 1 
out. of shap^ hy tlu' molten metal Incnista- 
lions of sand aiiso fioin tho ontan;,dement j 
hy tho liipiid metal ot particles of sand mIucIi \ 
have Ixs'omo detaolusi from tlur mould. I 
Kippio rnaikinj's and iidi'es in tho skin of ' 
the ca''tin!j: are produced hy irrr'uular ri.siin' i 
of till' lupiid metal on the sides of tho 
mould. 

Mechanical sinfaco defects such as have 
been descrihed aro probably most serious in 
the case of inyots intended for forsiinj^ and 
rollinu. 'I’liov yi\e rise '*> a variety of siii'faco 
blemishes in latei'ojMuations. Kven when they 
do not leail to eiaekin)^ Miev are preserved as 
surface (h'fecta in the tinished product. They 
become drawn out in the direction r>f rolling 
and for^in<^, and aro found an longitudinal 
defects in such products ns rolled bars. They 
may, however, he renioverl to a urreater or Ies.s 
extent hy fettlnijf or ilressing with prindinp 
wheels, chisels, etc. Cracks are a somewhat 
inort' serious defect. They are frequently too* 
deep to Ix) nunoved hy ehijipiiii; or urinding, 
and Ix'oome drawn out into longitiulinal 
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defects. Their surfaces Ijeconio oxidised both 
during cooling of the ingot and during re- 
heating for forging or rolling, and give rise 
to ink<‘s or scams. 'Fhey may sometimes ho 
nuiioied hy machining. 

§ (!{) Hot WoiiKiNO. — The hot working of 
metals mav hi' carried out hy a numher of 
dilTerent methods, nf which the most important 
are forging, rolling, anil extruding. 

Forging is a term apjihcd to a largo numher 
j of diircrcnt kinds of working. It may consist 
[ of hammi'ring. I'ltlicr hy hand or hy means of 
I power hammers, or hy pri'ssing in hydraulic 
: [ir-esscs ; in either case Iho metal may ho 
: worked into a suilahlc sh.i))e hy thii use of 
■ dies t.isli'iicd to tho au\il hlix'k and Iiammer. 
'Pile dcfcits III the material wluih arise at ihis 
st.ige of manuf.ictuic may hi' considered in 
three main giou| , ; 

j (f/) Defects due to an imjicifect casting 
j [b) .Mcchamial defci ts, tliie to unsuitahlo 
I mechanical conditions 

1 (c) Di'fei ts due to ninsiiitahlc thermal 

Conditions. 

Somi' of tho defi'cls dui' to impeifect 
castings ha\e alri'ady been indicated in con- 
sidcinig the defects of the nicot It is clear 
that any operation whuh di'foims a casting 
will also deform tin' dehs ts wliu h it contains, 
and the manner <4 thi' deformation in any 
part C'Uitiols the niodilic.it ion in thi' cliaracti'r 
of the detects in that part. In gcneial, the 
delects alter then shape' m tlu' same manner 
as the c 'sting itsi'lf '^riius slag inclusions 
are drawn out in tlu' direction of elongation of 
the forging ; tho extent to w'hich they aro 
(Ir.iun out dcpi'iids on their lumlness relative 
to that of tile metal itsi'lf at the forging 
tempeiatuie. A li.iid juirticle, for example, in 
a .soft metal will not he drawn nut to the .same 
extent as tht mcl.ik Blowholi's hec(*me closed 
up though the opposite sides do not as a rule 
weld together, and thev therefore iK'cornc 
lines of wi'.ikness. Dnder severe conditions 
of w'oiking, c.isting defects frequently lead to 
the development of ('racks in the metal, for 
which they form a starting-point, 'J'his is 
])articnlarly the case in high -tensile alloys 
of most metals. With jniix' metals, which 
are as a rule fairly soft and easily forged, 
casting defects frequently do not lead to 
failure of the metal dining forging. Tn 
alloys, when tlie metal is made stronger and 
the ductility consequently reduced hy the 
addition of other elements, casting defects 
are much more likely to lead to failure of tho 
material during forging. 

A common dcfei t m forgings and pres.sing8 
i.s a fold, caused by one portion of the metal 
being turned over and pre.s.sed into the article. 
In such o])eration.s as the foiging down of 
an ingot into a bar or long forging, this may 
arise through a careless application of tho 
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hammer or pre^. In such ()|)erntion8 aa drop- 
or pivs-smii into dies it may aiiso 
throuj^h faulty of the dies ; for 

exiim])le, solid metal does not leaddy enter 
aeute anyles m tlie dies, and may i)end o\er 
and foiTu a foM. It is also impoitant (liat 
tlien* should he suftiuent metal to fill the «lie 
ami to foirn a small Hu at the jumtion of the 
two poitions of the die. Suifaee defeeta ti'iid 
to heeome (omentiated in this fin, whieh 
ean la* lemoved hy mai'lunmit. 

If the best iirojx'rties arc required in the 
foreniir, as is the ease when the articles arc 
finished to shape m dies, it is impoitant that 
sutheUMit Work should he put on the metal 
to hn'.ik up the on;j;in.d stun fine of the 
eashiiL'. 'I’he piopmties of metal wlmh has 
Ix'eii ( ,ist hut not woikcsl are, as a ruh*, very 
iiifeiioi to tlios(' of w rouiiht Inateiial One of 
the chief reasons for this is that a east ms.? 
Ucsiiallv lias a (oaisely er\stalhiic structure, 
with which H asso( lateil weak ine( hunieal 
propeities Hy woikin^ am h matenal to a 
sulhuenl extent under suitahle conditions of 
tcm|ieialuie, K ei'\ stallis itn)n takes place ,nid 
a nioio desiiahlc htim t ire is (»htained. Wlusi, 
howiwei, the amount of woik to which the 
iiK'lal IS suhjeetisl is sm.ill, ri'ci \stallisation 
ma\ not take phu e ; if it does o< lur, it lesults in 
till' forin.ition of crystals w Inch, while they may 
lj(' smaller than those of the caslinji, aie laiue 
when compelled with those found m siweiely 
worki'd maieiial. It is di'sirahle, then, that 
the foieinir oper.itioris should he so airamjred 
theil all p.irls of the m.itenal, if possible, 
riM'cive sullii lent defoimatioii to hriim about 
an impioveim iit m their mechame.d properties. 
In the pioduetion of for^nifts of larye size this 
point is freipicnlly o\crlooked, and cxampli's 
of iar;,^e shafts have Ix'cn imd with m which 
the ouli't’ layeis wen* c<unplet(‘ly retimsi 
during' foreinu, while the (onfie possessed n 
coarse stnie-tiire r h.itai tenstie of a e.istino. 

(i ) Thermal (\>mUli(am dnnng Forgnitj. — 
Theie is for all met.vls and industrial alloys a 
jieneral tmideney for the matenal to become 
softer as the feni|)erature is raised, nlthoiieh in 
some ea-ses tlie ts'mperature-hardnes.s t<*lation 
IH more complicatr'd in the nei^dihourhood of 
transformation points in the metal. It may 
therefore he st.ited, as a ycncral nile, that the 
hii^her the tmnjX'rature of workinjr, the lesB ! 
the power required to brinp; about a given 
amount of deformation. There is also, for ! 
most materials, a region of temperature 
where the ductility is a maximum. This is i 
not ni'cessarily the same as the region of | 
gri'atest .softnes.s. This letter region is that ' 
winch is most suitable for forging. If one ; 
works at a high temperature in the neigh- ' 
bourhood of the solidus the ductility tends to ; 
become nil, and fraeturc occurs Isdween the ' 
graiiKS, which at such a temiierature have ' 


] usually iH'oome very large. The low cohesion 
I Ixdwt'en the gniins makes them come apart 
uad I \e!\ low stii^M's, and eomjtlete disin- 
, tegration of the nu tal may ocmir. 1 m en wlnm 
' liii.s doi's not hajipcii “ luiining " may take 
nl.na, tuther as a icsult of incipient fusion, 
or ot the pi'mtiation <»f oxidising gase.s Ix'- 
tween f'o ho mdniic' of the eiV''tals. Metal 
whieh ha, hi on ’ hniiv ' is usuull) xmy wiaik 
and hiilt'e.iind ' loiilvs with an iiiteK'rv'-tiilline 
fiactnre The clion e of a siiifahle woiking 
temjx'iatnre is most imjxulant in tlu' initial 
I stages, will'll (ill* tasting is being hiokcn down. 
After this has he(>n m eomphslud the i.inge 
t>f woiking temjx'ialiiie is nsnally eoiisider- 
alily ineieasctl. 

'I'he intlm'iue of imjiuntii'S on hot. woiking 
IS often veiy important, lo-i exaiiqile, the 
presenec of excessne suiphni in steel is harm- 
ful from this jxtiiit of mi w. Oii tlu* other 
liand, additions mav lx- made to some alloys 
solely with tin* ohjet t of imj>rtt\ing the 
foiging and rolling (|imlities; 1 jx-r cent of 
silicon addl'd to (eitaiii alumimnm alloys, 
while haling iiltle eilett on the inethaniial 
piopeities, giiatly facilitates tie tqx'rations of 
Working. 

Ilollmg (oiisists 111 (h'foimiiig a metal hy 
ji.ussing il thioiigh metal lolls The si/t' and 
shapi' of the lolls depends on tlie type of 
jtiodiiet and the ili.iratter of the ingot or 
Ixu fioin which it IS made. In the ]»iodmti()ri 
of shtel and .stilp metal “ Hat lolls” of cyliii- 
ducal shape aie Used In tlii' pioduetion of 
smli foirn.H ns nxl, rails, angle, girdci's, etc,, 
the lolls are piovided with grooves through 
which the mttal is ji.isscil ; at cat li jiass a 
{ definite alteration in ihi' sliajic of the artide is 
‘ hioiiglit about, until with the Imal ])asB the 
reqnirt'd shape of the liiiihli('’d article is 
obtained 'llie eoiiditions of rolling are very 
j diflereii* from tho.se of foigmg ; as a rule, 
the anio.mt of deformation i>f the material is 
tonsiderahly gualt r, while at tlu' saiiu' time 
it IS mm 11 mort' uniform. As in the ease of 
forgings, defects of the casting have their 
corresponding dcfi't (s in the rfiileil jimduet, 
being draw'll out in the diicction of extension 
of the metal In tlie case of lollcd bars defects 
heionie elongated in one diiection only, and 
aasume a rod like f.iiin ; in the ease of flat 
plates or sheets, in thi* mahufaeture of which 
the ingot is usually extended in tw^i directions 
at right angles to one another, ilefects take the 
form of flat plates parallel to tin* suriace t»f the 
plate or sheec. 1’lie senonsness of such defi'cts 
will depend on the use to which the material 
IS put, and on the direction of the working 
stre.sscs in relation to the lines of weakness 
caused hy the defects. 

Among the more common defects are rokes 
and laps. Hokes are formed from ingot 
cracks, blowholes at or near the surface, and 
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certain kinds ef surface defect ef the in^'ot, 
and in the case ef rolled bar they are usually 
radial when examined on a cross - section. 
Laps are formed diirini^ the process of rolling 
when the surface (jf the in^'ot contains def(*ets, 
such as scabs, fins, etc., which have not hicn 
removed by /'rinding' or ?nachinIn^^ They 
may also occur as a liirect result of the rollin'^ 
operation, when a tin is formed dnrinj' ])as.sa^u' 
throii^'h the rolls, and is afterwanls folded 
over diirim^ a suhseipumt pass. 'Flii'y aie 
also sometimes formed throu/'h the use of rolls 
with a defective sur-face ; for example, in 
the manufacture of certain sti'cl proilucts the 
rolls are cooled pi'riodiodly by the application 
of a stream of water. The effect of alti'rnato j 
heating an<l coolinj' is to cause small cracKs 
in the surfaeii of th^ lolls, which lead to slif^ht 
ridges, or “ roll marks,” which, in the case 
of small sections, may heeoino rolh'd over and 
form a la|i. 

Various types of defect are produceil by 
unsuitahle mechanical conditions ilurinj' 
rolling'. Defects in the surface of the rolls 
naturally [iioduce defects in the product. 
iSometimes iinpmfcct luhricatioii of the rolls 
causi's the nu'tal which is Ix'in^ rolleil to stick 
or weld on to the roll, when, instea<l of coniine 
out Hat, it may become w'lappcd loiiiid it, 
or, althoujih it may be strijipisl olf as the metal 
emerijes from the rolls, cracks and other surface 
defects may be formed. (Tacking or breaking 
up of the metal may result from too severe 
work in any one pass. Care must be taken 
to prevent pieces of foreign matter, such as 
loose bits of metal, o\id(“, I'tc., falling on to 
the metal or the lolls, being (“ariieil through 
the rolls and jiri'ssed into the metal. Metals 
which oxidise ra[)idly must lie brushed clean 
of any loose oxide before piussage through the 
rolls. I'he mechanical adjustment of the rolls 
is also a matter of importance, especially in 
the rolling of sheet or strip. If the dcgn‘e 
of leiluction of section is not uniform lu all i 
paits, the product is warped. For example. ' 
if one edge of tlu' .sheet or strij) is rcduceil in 
.section more than another it becomes bent 
into a curve. If the centre is deformed more 
or lo.ss than the edges the sheet becomes 
buckled. 

The remarks inado w?th rt'ferenco to the 
effect of thermal conditions on forging also 
apply to tlio operation of rolling, though in 
certain respects the conditions may f>e 
different. When material is to be ujhhI in the 
“ os rolled ” ooiidition, it is essoufial to ensure 
that the final pa.sses are carried out under 
conditions which will give a product of the 
I'cquircd mechanical pro|>erties. These are 
largely dejiendent on the thermal conditions 
at the moment of finishing. The finishing 
temperature should, in general, be such that 
recrystallisation of the deformed material 


takes ]>laee, but should not be so high that a 
coarse structure is obtained. This is not easy 
to secure in some operations on thin sections, 
w'hich tend to cool very rapidly in the rolls. 
In such cases it is desirable that the material 
should be reheated at a late stage in the rolling 
operations, 

ij (D Colo U'okkino.— C old woi king usually 
coiLsi.st.s 11 ) (//) reducing the cross-sectional area 
by lolling, liammcring, nr drawing ; (i) 

distorting th(5 matc'nal by bending, Hanging, 
ciip|img, or twisting; and (<) ])unching or 
.sh(>ariiig. 

Cold working is usually employed for one or 
inoic of the following reasons: (u) the rnotal 
cannot be worked hot, either bceau.so it is 
not diiclilc lit a high tcnijicrature, or on 
account of cxcc.ssivc scaling, iTc. ; (6) to 

obtain certain niodihcations of the mechanical 
propcrtii'S a.s.sociatcd with cold-woikcd metal; 
(c) to (tbtain a very smooth even suriace ; 
(ff) to obt.iin extreme accuracy as to size ; 
(e) t(» obtain ci'rtain product.s such as wire 
and thin shci't-met.d stampings, which could 
not conveniently or cornmeicially be obtained 
by otlii'r iiH'thods, 

Defects may uiisc fiom msiiflicicnt working, 
from c\ccH.sive woiking, or from imccjiial 
woikiiig. InsiiHicicnt working may jiroduce a 
matiTial wliK’li doc.s not po.ssc.s.s suitable 
propi'Cies for the jairpose for which it is 
mli'iidcd. .Many nrlich'.s made from mclal 
wire or sheet depend for tlicir strength and 
stiHnc.ss ill cold working of the material, 
and in many eases insuflicient work on the 
material would give a jM'otluei whieli would be 
much too weak (»r soft. High -tensile steel 
wire, such as is used in the manufacture of 
wire ropes, dejiend.s to some extent on cold 
work for its strength. Excessive cold work, 
on the other hand, renders mi'tals very 
brittle, an<l for that reason mu.st be avoided. 
Maiiufaeturing defeets are probably more 
commonly the result of too much cold work 
than of too little. In the cold rolling of sheet 
too mueh cold work leads to the development 
of cracks, particularly of edge cracks, and to 
splitting. 

Probably the greatest number of defects is 
attributable to unequal working of different 
parts of a material. An article which has 
been w'orked unequally is in a state of internal 
stress, which may lead to failure in a variety 
of wax's. Such a stress may Ik* superimposed 
on the working stress of the article in service, 
and lead to fracture under a comparatively 
small exterTially applied stress ; it may lead 
to “ season erackingf” by x^ hieh is understood 
gradual failure witlrfuit the ajiplication of any 
external stre.ss (such failures sometimes occur 
years after an article has been ma<Je) ; it may 
cause cracking on annealing, owing to the 
different recryataJlisation properties of the 
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differently worked parts. Defects due to 
unequal working are not uncommon in 
manufacturing oi)eration3. Sometimes the 
defects are in the interior of the article, and 
are not easily detecU^d. Such defects occur in 
many dr,n\ing operations, csjHJcially on rods 
and Avircs of largo diameter, in which the 
exterior parts are deformed to a much greater 
extent than the intenor, and tlie stix'sses tlius 
producctl are sometimes sufficient to jiroduee 
internal fracture of the article, which is then 
said to have '‘drawn hollow.” (’old-shearing 
and cold-jumching affect the metal to a varying 
dejith from the sheared (jr puncluMl edge, 
depending on the thickness of the piece and I 
the nature of the metal. The distoidion m | 
sueli a ea.se is non-uniform, and may lead to j 
failure if tlie picci' is lient ac'ross the sheared i 
edge, or aaIicic llien; is a jnmch-hole. The , 
danger from such eau.ses is so great that in 
manv stnicturi's, .such as hoileis, the use of 
punched livet- holes and shcari'd edges is 
particuhuly excluded. The had effects may 
be lemoAcd by maclimmg off the embrittled 
])oition.s, and in some cases by annealing. 

The act of machining ma\, and frequently 
does, iii'oducc serious local deformation of an 
aiticle. Machining is c.ssentially the produc- 
tion of a local stress, by means of an edged 
tool, Hullii ii'iitly great to shear the material. 
Although rupture may be eorilined within 
narrow limits, deformation may extend for a 
relatively grc'at distance into the suriounding 
metal. 'I’his depth will deiiend caii the dejitli 
of the cut, and on the shape of the tool. 
I’rcqueutly the deformation on a machincsl 
surface is so great that the matmial is found 
to contain a mass of small cracks Avhieli, 
in service, form a convenient starting-point 
for the dcvclopim'fit (*f largi'r crack.s. With 
grinding wheels or emery pajier the jienetra- 
tion of the hardening effe(;t is smaller. 

§ (5) Ukat Tukatmi.nt. — Heat treatment, 
in its most general sense, may be taken to 
mean the apjilication of heat either to make 
the metal easier to wairk, by rendering it 
softer or more ductile, or to secure certain 
desired c'hanges (beneficial or othcjrwise) in its 
constitution or physical propertii^s without 
mechanical work. By common usiige, how- 
ever, the term has become restricted to the 
latter application, which will be dealt with 
under this subsection. The former applica- 
tion has been discu8.sed under the subsection 
dealing with hot working. 

Heat treatment may therefore be defined 
as “ the change or series of changes in tem- 
perature, together with the rate or rates at 
which they take place, applied to a metal or 
alloy to secure certain desired conditions or 
properties,” 

The term heat treatment is frequently, 
though incorrectly, used in the restricted sense 


of quenching follow'od by torajAoring or 
rehoating, a,s applied specially to steels. 

The main factors which inHiienco the result 
of heat trealment aiv — 

(i.) The state of the material befoixi 
treatment, 

(ii.) The rate of heating. 

(iii.) The temperature at which the treat- 
ment is allied out. 

(iv.) The time of he;. ling, 

(v.) Coiitamiii dion, volntili.satioii, etc., of 
! the material while liot. 

(vi ) The rail' of cooling. 

Tlie ahove factors will he considered 
separately, after Avhiiii reference Avill he made 
to a number of sjieiial methods used in tlio 
woiking and manufactuiT of mi tal artii-k's, 

(i.) The Miiteridl. — The effect of Jieat treat- 
ment will vaiy according ‘to the nicclianical 
ami fluTmal ficatmcnt to which the metal has 
previously bei-n submitled. The meehann'ul 
cttmlifion IS, in some eases, of paiticiilar im- 
poitaiiee, since tlu' tiegree of working in all pure 
metals, and in many alloys, hugely controls 
the (haracter of the rociystalli.sation Avhicli 
tako,.s plate. Jii a ca.sting, for examjilc, heat 
treatment prodiicc-s rccrystallisation only when 
the metal has been deformed, unle.Hs there are 
<*onsUtutional transformations of certain types. 
Umh'formed eastings <»f sm h metals or alloys 
as copper, al[>ha hra.ss, and some alloys of 
I aluminium, to name hut a few' examples, 

; undergo no changes of crystal size on annealing 
at any tmnpm-aturo below the solidus, so that 
any defeet.s du(‘ to eoanso erystallisation of the 
easting cannot bo remo\ed by thermal treat- 
j ment. After mechanical defurmation, how- 
1 ever, metals Avill retrystallise if the conditions 
; are favourable. In general, the mimmum 
icerystallising temperature is the highiT, and 
the resulting crystal size the greatiT, tlie less 
tlie deformation to which the niatciial ha.s 
1 been submitted. A iiU'tal wliieh has received 
i a slight amount of cold W(»rk may develop, on 
recrystallising as a result of heat treatment, 
j a coal sc cry.stalline structure w ith poor 
j mechanical properties, and it is therefore 
important t<i adjust either the severity of 
the working, or the tem])crature of annealing, 

80 that such a result may l)e prevented. In 
certain operations, especially those in which a 
metal is ilcformed locally, defects due to this 
cause are particularly likely to oi^cur. For 
example, in such operations as 8])inning, 
portions of the materia) are frequently de 
formed to an extent wdiich favours excessive 
grain growth on annealing. Such articles 
may frequently be preserved in a good 
mechanical condition by annealing at a 
temperature too low to cause rccrystallisation 
of the slightly deformed parts, but high 
enough to remove the cold work, and cause 
a beneficial recrystallisation, in the severely 
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worked partH. Dcfoots of this kind hav« horn 
found in cold - reeled IiaiH, in (he 

deearhiirirtcrl skin of rold-drawn steel iubin", 
and in tli(» feriiti* t,dios(s of steel boder plate 
which lias been bent cold. 

(li.) Y’/fc lidic of Jlraliidf. must not bo 

Hiifliciently j'lcat to jirodnce ^i(‘at inequalities 
in l('nipeiatuic in dilh-rent parts of th(! article, 
(.'racks may be prodiici'd in biittle material 
through local difh'rcnces in expansion ; in 
cold woikisl niatcnal this may be f.n ihtated 
by the pnor iccrystalhsatioii of some* paits; 
in the case of hardiiusl stec'l it may be facih- 
talisl liy local temperme, with the production 
of severe local sti esses. 

(ill.) 77a' Tmiperaftire. Th«‘ tcmp(‘ratnrc at 
winch a nndal or alloy is luNited is oloion.sly 
of importaiKc in imy luxit tii'atnu'nt, since it 
IS by snitabh' regulation of tcmperatnic that 
the (h'Hirial conditions or jiropeitu's of the 
matmial aie obtained. A vmy large propor- 
tion of the (h'h'cts |irodiie(‘d by faulty heat' 
(nvatment n-siilt fiom the ineorieet i(*gnl.ition 
of tenip('ratuie, lather thiongh ignorance of 
the most, suit dih' (('lupmature eoiulitions, or 
through «areless manipulation, faulty fnrnae<‘s, 
or directive pynuiieters. It is imjK'ssibh' to 
give any complete summary of tlu' delects 
which may arisi' from faulty legulation of tem- 
perat me, since t he held to be eo\ cksI is so large; 
jiraetieally all metals and alloys, in the forms 
in xvhieli they aie nsisl eommercially, may have 
tlimr propeitii's modified by heat ti«*atment, 
and tiu' etfeets of eh'vated t(‘m|)eratnre must 
!)(' considered m evi'rx ease in n'lation to the 
constitution of th<' alloy. A gmuM'al indication 
of the manner in which meoin'ct heat treat- 
ment leads to the production of unsuitable 
matmial may. howe\er, be given with refoK'iiee 
to some of till' common alloys. 

It is (divious that, for practie.illy all 
materials, the useful tenipei.ituie rang<‘ for 
he.it tieatmeut is limited by the solidus of (h<‘ 
alloy; if this temperature is exceedeil partial 
melting of the alloy takes place, aiul such 
melting may be aeeonqianied by an unilesir- 
able segri'gation of alloying elements or im- 
purities, since the liquhl and solid phases in 
e({uitibrium with one another at anv' tempera- 
ture are seldom of the same composition. 
Furthermore, on eo('hi% the properties of that 
portion which hna been molten are similar to | 
tho.se of viaterial in the “ as east ” condition, 
and may therefore be considerably inferior to 
those of the parts which have not become 
molten. It may therefore Ik* luisumed that, in 
the case of worked material, or of eastings 
which have previously been submitted to 
beneficial heat treatment, any further heat ; 
tri'atment which causes partial melting to | 
occur is harmful. In any ease, metal which is ! 
partly molten is in an extrt'mely weak and 1 
fragile condition, and may break up or crack i 


under its own weight, while the molten parts 
are always liable to run out, leaving cavities 
in the material. Notwithstanding the obvious 
danger of hi'ating to a tem])eratuie as high as 
the solidus, defects from this cau.s(‘ are by no 
means unknown. In the ca.se of steel which is 
heated to a high teinjawatiire for forging or 
wi'lding, [lartial melting sometimes takes place ; 
the crystal boiindancH of the matenal, in which 
melting lirst eomiiunccs, become weakened, 
and the steel is liable to break with a coarse 
inteierystallme fi.icture ; such material is said 
to be “ bill lit ” (see also under (u.)). Certain 
non-ferrous .illoys, notably alloys of aluminium, 
j are submitted to a haidcning treatment which 
I eon.si.sts in quenching them fiorn a tcnqieratiiro 
I as near to the solidus as is jnacticalile, and 
i iinh'.ss tli«‘ tenqieratures are carefully eon- 
j trolled the .same^type of deh'ct may lie pro- 
i dueed. It niav, in such a case, be (hdecteil by 
the typie.il appi'.iianee of tlu* quenched lujiiid 
alloy wIkui examined uridm’ tin* imeioseope, 

Ciysl.il growth m niekils is gii'atly facili- 
tated by exposure to high temperatures, and 
where the Ix'st mechanical [iroperties are 
r(‘qmr(‘d it is usually necessaiy to avoid 
matiMial with a huge crystal si/e. Tin* use of 
anile, ding tenijieral uri's lu’ur the solidus of the 
alloy is theiefoii' to be avoided, since it 
facilitates the jiroduetioii of large crystals. 
For mo.st of tiui eommoiK'r metals, such as iron 
and .sti'i'l, copper alloys, and aluminium alloys, 
nu'chanieal softiiivss can be obtained by an- 
m'ahng at a teiiijx'rature coiusiderably lower 
tluiii the solidus, and, unh'.ss some special 
ehango related to the constitution of the alloys 
at high ((‘inpeiaturi's is desired, no advantage 
IS obtained by the u.se of a high annealing 
temperatuu'. Wlnai special changes ri'lated 
to the eonslitiition of the alloys are required, 
as in the ease of the alloys of aluminium 
ri'fi'i'ixsl to abov(‘, dideets must be avoided by 
eaieful regulation of the teiiqierature and the 
time of he.dmg. The uh<‘ of high ti'inperatures 
must also be eonsideri'd in relation to possible 
contamination by furnace gases, etc. (see 
under (iv. )) 

1’he u.se of too low a temperature may equally 
be harmful, in that it may be insufficiently high 
to bring about the (le.sired changes ; for 
e.xample, in the case of cold-worked material, 
it may be insufficient to bring about adequate 
softening. 

The use of correct temperatures is particu. 
larly important in certain eases where the 
results of heat treatment depend on the careful 
control of transformations at certain critical 
temperatures. This is specially applicable in 
the heat treatmeift of steel, a subject which 
can only be adequately dealt with in a lengthy 
treatise. The general effect of thennal treat- 
ment on steel has been considered in the 
article on “Iron-carbon Alloys,” with particular 
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reference to the constituthm of the ftlloys«, and 
no further jjeneral con'^ideiation of this sj stein 
need Ijo made here; tlie subject would not, 
h<»\\('ver, he (onipleto witliout some lefcrence 
to the defects wimh may aiise in any metal 
throu;'h imi)io[)(>r control in tlu‘ nciiflihourhood 
of the l('m])eratur(‘3 at which constitution.d 
changes oc'cur. In many metals ami allo\s 
passage through a critical point, t*ither on 
heating or on niohng, is accompanieil by a 
changi' in the ciystal structure ; for example, 
in the casi's of the metals iron, nickel, and /me, 
jiassago thioiigh some or all of the alloliopic 
change points is aecomjianRsl by a rcciystal- 
lisation of the metal. I'hc formation ol a new 
set of crystals in such a case is soiiu'what similar 
to the pioe(‘ss ot .solniilication <)f a imdal, in 
that icervsl dlisation takes place from a number 
of nuclei, which is controlled b\ the conditions 
of passage through the ciitical tmnperature. 
In geneial, tin* miiubei of nimlei, and tlieiefoic 
the numb(r (d ct\stals m the product, will la* 
the greater tlu* mou lapid tlie i.ite at whieb 
the change taki's place. In allo^ys containing 
two or tnoro constituents eiilnal tcmpeiatnies 
may occur in one or iiuue ot these const it iK'iits, 
and it may be desire<l to cltect a ( hange in om* 
constituent while h'aMiig the other unchanged 
Such a (asi* is found m the heat ticatmeiit 
of case-haid(*ried steel articles, and setioiis 
deti'cls freqiK'iitly aii.se tlnough inaccurate 
temiH'Mture control, which piodiices <*fTccts m 
one of the constituents whuh it is dcsiiable 
to avoid 

Passage through a eiitical point is fre([i'ently 
u.s<*d m older to obtain a line stiiictnre from 
one which was oiigniallv toaise, and it is 
obvious that by a sint.itili* arrangi'inent of 
the conditions of heating and cooling tins can 
be done. In a number of c.i.se.s, howcvi'r, tin' 
structure of the low tempeiatinc modilication 
of the alloy is dependent on the stiuctuie of 
the high lemjieiatiire modification at the 
moment at whuh jiassage through the critical 
point occinri'd on cooling. This is p.irticulaily 
the case when cooling through a critical point 
results in the decomposition of one phase into 
two, the relative arrangement of the two c<»n- 
stitiients bi'ing governed by the size of the 
crystals from wlm h they arc formed. A.s a 
rule a better structure is formerl from fine than 
from coarse ery.stals ; it is therefore, as a rule, 
do.sirable that a critical point should not be 
exceeded by a sufficient amount, or for a 
sufficient time, for a coarse structure to be 
obtained. 

A critical point in an alloy which is accom- 
panied by recrystallisation is of great value, 
quite apart from the fact tfiat it allows of the 
variation of properties by varying the con- 
stitution. It frequently permits the correction 
and removal of a defective structure, which 
could not otherwise be removed except by 


eompleb* remeltmg of the alloy. Consider, 
for example, the ease of an alloy winch had 
bi'cn .s(* treated to di'vclop a coarse arrange- 
ment of lii(> constiliu'iits aceoinjianied by 
imsmlaMe j'rojKTties fur a jiarliciilar jnnjiose. 
If Kill h an alloy cm be heated through a 
critical point abov * winch (Iionc constituents 
diaippoar w.lh the foimatiun of a new con- 
stituent. tl'in the oiigii il dcfci'livc structure 
c.in he ohlileialed and, by slidable regulation 
of the conditions i.t healing and cooling, thi' 
same con.stituciits can l>c reproduced in a more 
useful foiin. d'lns ticatment is made use of 
with great ficqucncy in the heat ticatment of 
steel, which, piovndcd it li.is not been Imrnt, 
can have its piojx'rtics inoddii'il m a profoimd 
maimi'r by suitable heating and cooling tliiongh 
(he critical range. An alloy winch lias no 
cidical jiomls, such ns bniss, is ficipicnlly 
iiiincd Ix'voiid ri'p.ur by an mctu’K'cl hi'iit 
ticatment m llm final stages of inaniif.u tnK' ; 
foi cx.imple, a coai.se ovci heated .sliuetuie m 
siieb ail alloy can only be removed by le- 
eiy.st.illisidioii afti r fnilli<*r defoi mation, oi by 
iomi>le(e reiiii'lting. 

(iv ) The Tunc, of IhalDKj. -Tlic time during 
winch ail alloy is m. untamed at a tcinjicra- 
turc is of impoit.incc ; it must be siillicn'idly 
long to allow the cliangcs winch arc desired 
to take ])lacc. Some of tlii'so i liaiigos take 
jilaee rapidly. I’eeiystalh'-rdion of lold-woikcd 
miterial is almost invariably a rapid proecss, 
and iMiially demand i lait a few iinmdi's at 
a suitable (eiiiiH'ialure for its comph'tioii ; 
further liealnig ineii ly givi's oppoitiindy for 
(in* crystal .-^i/e to ineri'asi', while jirolonged 
lic.dmg may develoji loo (oai.si’ a stnieliiK'. 
Foi lli(‘ ,inn<‘almg of eold-woiked m.ib'iial it 
Is uiiiH'eessaiy to exposi' an allo\ to high 
lempeialines for prolonged jii-iiodi. In other 
cases, li<o\(‘vn, the dcsind i hanges may lake 
jilace slowly at any aniH'aling whnli is applic- 
able; foi (‘xamplc. m the heat ticatment of 
castings it IS somctiiiicH dcsiri'd to oblain a 
more innlotm disliibiition of the alloying 
elements than exists m the rnateiial in the 
" as cast " condition. In huge castings which 
possess a e( tar.se structure, this may involve the 
dilTusion of ell rnents through relatively large 
distances m the solid metal, ddio jiroeess of 
dilTiishtn in the solid state is usually very slow, 
ami long periods of annealing* may be reipnred 
for it to become cornjilete. In s^une eases 
annealing for two or three weeks at a tempera- 
ture not far removed from the solidus has been 
found insufficient to cornjiletc tin; jtrocess. 
8uch iieiioils of heating are usually not 
required, but in many eases annealing for a 
large number of hours may be necessary to 
obtain a de.sirerl result. In any heat treatment 
which involves the solution of one constituent 
in another or the reaction of one constituent 
with another, the time required to complete 
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the change will dojjcnd on the size of fhe striio- 
Inro in the original piece, and should he 
adjusted uilh (Ins i/i viVvv. Any period of 
.■mnofilifi;' less than n eeitnin minimum wilJ 
fail t(j ln'in^' alioiit I lie drsinsl object; any 
period in e\(!eHH of (Ik* necessary amount 
metely alfonls opportiinily for coarseninj^ of 
the stmeture, oxidation, contamination, etc. 

In any operation the time of heating should 
he HudicK'Mt for the re(juired temperature to 
penetrate to all paits of th(> article. 'I’liis is 
of impidtaiiee in dialling with large masses of 
metal and in certain operations in which the 
articles to he heated 
are ('iielosed in 
“ hexes,” as for e\- 
ampli* in ea.si* haiden- 
ing or in close mi- 
neahng. In such 
casi'sthi' temperatuie 
of the outside may 
ri'ach the dcsiicd 
point a con.-iidei.ihle 
time (Hoiuelimes 
hours) hefoie the 
ctmtre. The rncasiiK'- 
meiit of the (('inpera- 
tuK' of the articles 
under thesi' circuin- 
stancr's is a matter 
of considorahle ditfi- 
oulty, since pyro- 
iiK'ters [ilaced in the 
furnace near tin* 
ohjects give no leli- 
ahle indication of the 
temperature of the 
interior parts. When- 
('Ver })ossil)l(' a 
[lyrometer i^liould 1x5 
insi'rted into the 
article or anneuliiig 
“ lut\ ” ; Mhen thi.s 
is im[iractieahle, as 
is fro([uontly the 
case, a ” dummy ” of the same size as (he 
article may he placed in the furnace and 
the [lyrometer inserted into holes suitably 
jilaced. 

Incipialities in temperature during heat 
ti’eatmeiit are resjionsihlo for a largo numlier of 
dehxita and failures in metal artu'les, e-siiccially 
in eertai^ cases where the heat treatment 
consists in the regulation of temperature 
within small limits in the neighbourhood of 
critical points, tn the hardenin^g and temper- 
ing of steel it is of great imjiortance to secure 
the attainment of the correct temperature 
within very narrow limits, but it is also neces- 
sary to obtain uniformity of temperature ; 
much of the cracking of steel during harden- 
ing is due to the existence of inequalities of 
temperature at the moment of quenching. 


I (v.) Conlaminalion. — Serious defects may 
I ari.se from contamination of the material while 
It IS hot. licfcreiico lia.s alicady been made to 
the burning of a metal thnmgh c.xposuro to 
an ex<‘cs.sive tcmpi'raturo. This may consist 
simply m incipient fusion of the material, which 
usually start.s at tlu* crystal boundaries. In 
other eases, howevei, (lie same name is applied 
to metal winch has been oxiilisod m the crystal 
boundaries during ex [insure al a high tenqx'ra- 
ture. In certain metals oxygen and other 
oxidising gases ajipear to In* able to p(*netriite 
lietweeii tlie i lyslals under certain eireiim- 
staiices and produce 
a him of oxidised 
matciial which do- 
st loys the normal 
cohesion between the 
grains, and remh'rs 
the mi'tal weak and 
fracture 
ii.itur.illy tulsc.s [ilaco 
Jiiy w'paralion of the 
cry stills fnmi one 
•mother, and m many 
eases, though by no 
moans iiu .iiiably,tlie 
f met lire b.is a dull 
oxidised iijjpearance. 
Steel is jiarticnlarly 
li.iblc to this ty[»c of 
Ft(j. r> shows 
a photomicrograph 
of a stei'l tool which 
fiaetiired m use and 
hroko with a eoarso- 
gr.mu'd inten-rystal- 
liiie Ir.K ture. it will 
b > si'cn that the 
eryst.ils are ex- 
it emely large, and 
that each is sur- 
rounded by a thill 
dark him of oxidised 
material. The 
eonrso structure indicates an exjiosure to a 
very high lenijierature, which has been 
sutlieient to ” burn ” the material. Cast iron 
is liable to ” grow ” if re[)eatedly heated to a 
high tomjicrature ; oxygen from the air [lene- 
trates along the [dates of gra[)hito which it 
contains, and oxidises the iron, with the 
formation in tlm interstices of the material of 
oxides of inm. The jucssurc of the growing 
oxides causes an expansion of the mass. In 
other cases reducing gases exert a harmful 
effect ; cop[)er may lie seriously embrittled by 
the action'of reducing gases if, as is usually the 
case, it contains amy copper oxide. This con- 
stituent is reduced to copper, which, however, 
is porous and without appreciable mechanical 
strength. The gases appear to be able to pene- 
trate through the solid copper when it is hot. 
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An interesting and somewhat unusual failure 
of a “ manganese-bronze ” article has recently 
been described.^ The article in question, an 
end })lato of a turbo-alternator rotor, was 
ossontialiy a ^ brass containing small amounts 
of manganese and aluminium, and was sub- 
jected to very light stresses in service. Local 
heating had occurred during running, and 
molten solder had come into c< intact with tlie 
alloy ; [icnctration of the solder had taken 
place for a considerable distance between the 
crystal grains, and had produced extreme local 
brittleness. Further cxja'ripients showed that 
this alloy A\as rendered brittle, and failed 
through intercrystallino jienetration under very 
low 8trcs8e.s, by contact with molten alloys 
melting at as low a temperature as 70® C. 

Oxiilation of a metal d(K‘s not necessarily 
take i>laco by intercrystalline penetration of 
the oxidising gases ; all steels are liable to 
become oxidised on the surface, at high tem- 
peratures, with the [iroduction of a decar- 
burised skin ; intcrcrystalline oxidation only 
occurs at temperatures near the solidus of the 
alloy. A dccarburised surface is specially un- 
desirable w hen a steel article must be hanlened, 
since the dccarburised layer will remain soft 
after the normal quenching operation. Such 
articles as tools, files, springs, gauges, cast*- 
hardened parts, etc., must bo carefully pro- 
tected from dccarburisation during all the 
heating o]jeration3 to which they are subjected. 

In 8om(‘ alloys loss by volatilisation may be 
serious ; brass, for cxamiile, may lose zinc from 
the outer layers through prolonged exposure 
to an excessive temperature. 

(vd.) Cooling . — The rate of cooling should, 
whenever possible, be uniform throughout the 
whole of an article. Irregular cooling leads to 
irregular contraction, and may lead to deforma- 
tion and warping of the article. In any case, 
it is liable to produce internal stresses, which 
may lead to failure under a stress less than the 
normal breaking stress of the material, or by 
season cracking. When critical points oc^u^ 
in the metal irregular cooling may cause 
partial or complete suppression of the trnns- 
formatifins associated with these points 
locally in the article, with the accompanying 
conditions of internal stress. At the same time 
the projiorties of the material will vary from 
place to place. Rapid rates of cooling are ! 
sometimes adopted to bring about certain con- 
ditions in alloys ; steel, duralumin, and similar 
aluminium alloys, and certain aluminium 
copper alloys, may be cited as examples. An 
insufficiently rapid rate of cooling will fail 
to bring about the improvement in projierties 
which the treatment is designed to produce. 
In the hardening of steel the rates of cooling 
required are sometimes very great, and the 
most vigorous quenching methods must be 
* Dickenson, Inti, of MetaU J., 1920. 
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adopted. Under such circumstances it is 
evident that there is a limit to the size of 
article which can be hardeiietl. Irn^gular 
hardening of alloys such ns those mentioned 
almo.st invariably leads to warping. 

§ (0) Other Prockssks of MANUFArTUUK. 
— Some other proei'sses of manufacture which 
do not conveniently come under tlie above 
headings may be <onsiihic<l. 

(i.) Welding. — Wokling is now' such a 
common (qxnatioii in the manufacture of 
metal articles that it R'quiies some separate 
consideration. Welding may consist merely 
in heating the metnl to a jioiut Ix'low' its solidus, 
and hammering the different ])artH together ; 
such an operation is commonly carried out on 
iron (esjiiccially wrought iron) and on the 
jireeious nietnls. In the case of iron, defects 
may arise from (he entanglement of oxide at 
the junction of the two surfaces which are 
being welded, since it is very ditlicult to 
heat this metal to the tem]ierature necessary 
for welding without oxidising the surface ; 

I in some operations the iron is heated to a 
tcrapcratuie sutlieiently higli to melt the 
coating of oxide formed, when the liquid 
oxide is forced out of the weld more easily. 
The same process is also used in tlie manu- 
facture of steel articles, hut the presence of 
carbon renders the metal more ditlicult to 
weld, and the process is never usoil for liigh- 
carbon steels ; when used with steel it is 
usually found that the carbon content of the 
weld 18 very low, since the metal is decarburised 
on the suriace by the iireiiminary heating, 
and during the welding ojieration by entangled 
oxide. An oxule inclusion in a weld is shown 
in Fig. 0 under a magnification of 150 
diameters. Other defects may arise from heat- 
ing the metal to too high a temperature 
(burning) ; if the temperature is too low, 
complete union may not be effected. 

In recent years the term welding has bi^cn 
used to desciibe processes in whieli union is 
obtained by actual melting either of a sub- 
stance which acts as a solder, or of a portion 
of one or both of the pieces which arc to be 
united. Usually a flux is used to dissolve 
metallic oxides formed during the process. 
These welds suffer from the disadvantage that 
the properties of the weld itself are those 
associated with metal in the as cost condition ; 
furthermore, the welding operation^ necessi- 
tates the heating of the neighbouring parts to 
an exceedingly high temperature, os a result 
of which coarse structures of weak mechanical 
properties may be formed. When possible, 
such welds should be refined by suitable heat 
treatment. Defects due to unsoundness of the 
weld itself, inclusions of oxide, etc., cannot be 
cured by such treatment. 

(ii.) Galvanising, Electroplating, Protective 
Cotdtn^a.— Defects in these operations may 

2 B 
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ariHO throii^'h iinpropLT jurjmratlon of tho by pre-existing defects in the material ; failure 
Hurfaise wliieli it is desired to coat (oxidised, may be <lue to faulty design and bad work- 

dirty, or greasy surface), thiough the use of mHnHhi[), 1 <j careless operation of macliinery, 

unsuitalile elc< ti(»l vtcs and current densities to improper conditions of service, or to pure 

(in elecli(tplating), thiongh the use of impure accident, and it is ticqucntly a matter of 

alloys and incorrect temperatures (in gal- dillieulty to ascertain, by an examination of 

vardsing, tinning, et<-.), .ind through the ocelli- the material after failuie, to which of these 

sion of gas by the base , tin* latter phenomenon causes the result must be asenbed. In the 

may ansr> in the ease of the electro-galvanising tirst place, the question <f design must Iw 

or plating when, under cei tain comlilions which eofisiderisl. and under this heading may be 
are not well understood, Initt'miess occurs eonsideretl the mechanical details of the article 
winch is ascribed to the occlusion of hydrogen ; and the kind of mateiial used. A designer is 

brittleness of springs has been ascribed to frequently in dillieulty beeauso it is not ])08- 

this cause. I''raetur(‘ sible to calculate the 

of the coating by any ‘ ^ ^ 'l a 

means usually leads ' ’ *• , 

to r-apid corrosion of • ^ • . . ' ’ v ^ , nutted in service, so 

one of the mi'bd.s^on ^ ^ ehoicc of 

account of jiotcntial ‘ ' I V luati'rial beeonu'S a 

dilfcr-enees b.-twccii ^ \ ^ matter of judgement, 

them. M(‘tul pi-e- \ ■ ‘ ‘ or of tiial and error, 

jiured by clcc.tio- i ' I*' ' V Faulty design is in- 

de|)o.sition is usually * « \ t *’ ,dicated when the 

very haid and bi itl lc, \ \ " same type of failure 

jirobably bocau.so d , - J**- ^ ^ V > occurs at tho same 

contains occluded ])lae(‘ in the same 

gases . thick coatings ‘ ‘ ’ article under the 

may tlimefoi'c', uiidm ''' ' ■ \ ‘ same conditions of 

certain cirium- ^ service, and in such 

stances, l)(' uiidi'- ‘ details of 

sirable. Flectro- . 'i y ’*• design must be 

depositi'd metal, if it ^ ^ ^ L ^ altered, or a material 

is sound, may gem r- - - * / . ' ' 't / must be found which 

ally hi' I'l'iidcied .soft >.*»♦. » w ill stand up to more 

and ductile by suit i. ^ i, ■ ' . t * sevei'o conditions, 

able anne.ding. * . *• ii T ‘ ! With regai’d to the 

(lii.) M ac li in i iKj, ,.•* ( ' material itself, with 

OnnilitKj, Fillniij, dr. •*,* ' . * ^ •* * which w’o are more 

- iMetal may fad ^ . 'J ^ ’ particularly con- 

tlir-ougli vinsuitahle ^ ‘ eemed, cer-tain rules 

ti eat meiit dining the '* 

iiiochanieal opera- ' * ' ‘ loss generally ac- 
tions of litting it into Kio (■). -Oxide entangled In Weld. ce])ted. It is now 

tiiiished structures, realrsed that metal 

machining, etc. For example, hardmied steel which has been eold-workisl is not reliable 
may crack during grinding if grinding be under certain condition.s. Rosenhain states 
“ fold'd ” to such ail extent that severe local that “ when strain hardness is merely to pro- 
heating oceiim ; the metal becomes tempered vide stiffne.ss and does not involve the general 
locally, anil .severe stresses are set up on question of resist anoe to serious and continued 
account of the jiartial Iransfonnation of the stresses it is porfeetly logical and rational. In 
steel in tho teuifieidj portions. A glazed some eases, particularly wire, the artificially 
grinding wheel, has little cutting action, but iiulueed strength appears more or less per- 
oauses tjie metal to “ How,” beat being de- mauently reli.ible, although with wire ropes 
veloped locally during the process, with a subjected to repeated bending fatigue failures 
similar result. Macliining with an unsuitable ueimr, as against alternating stre.sses strain 
tool, with a blunt tool, or wit^ too deep a cut hardness is of no avail. This is more serious 
may tear the surface of the metal and start with rods of hard-drawm or cold-drawn alloys 
a crack ; this should lie specially avoided in the employed for holts, or whore called on to 
case of steel which is to bo hanlened subse- carry important loads. Practical experience 
qucutly, since surface defects of this kind are in such eases confirms conclusions drawn from 
a frequent source of hardening craek.s. nxseareh data that the extra strength from 

§ (7) The Fatluue of Metals. — Failure of strain hardness cannot be safely relied on 
metal articles is by no means always caused for continued resistance, particularly where 
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stresses are alU*mating or int^'rmittent. The 
best recent practice shows a strong and highly 
rational tendency to avoid tlio use of any 
matcritd whicli hius Im'cii severely eold-workoil, 
unless subseipiently annealed to remove strain- 
hardening more or h'ss comj>letel3’.” 

It is usually assiiined that, provide<l that it 
can be obtained without serious rwluetion of 
hardness and strength, a diutile mateiial — 
that is, one winch possesses a good extmision 
in a tiaisile test — is prcfi'rahle to a mate rial of 
low ductility : and evjierienee bears out tiie 
truth of this view'. It is held by some that 
ductility is ((f little value in a material which 
is nit(‘iid('d to be stressed only within its 
elastic rang(', and that undue consideration is 
given to tins projierty. Nevertheless, it is 
probable that many parts of a machine are, 
at times, stK'ssed beyond their limit of (das- 
ticily in SCI vice, eviai if only for shoit ]>eiiods, 
such as, fot e\ani]ile, vvlmn t.iking u]) a heavy 
load suddi'tily. Under such < ircum.stances a 
material wliuli is abb* to yield to the stiess, 
e\(‘n if such yielding is very sliulit, may not 
be seiioiedy alTectial wlime a matiMial of low 
ductility would bn'ulv. The case of a loco- ' 
motive Coupling may be cited ; such an articb' 
is oieasionally subjeetcfl to rapidly aji[tlied 
stresses greatly evceeding the noianal working 
load, and such articles gr.idually <‘\t('ml dui'ing 
use ; they must, of coursi', be lemovasl from 
service before the exti'iision becomes too great. 
On the other li.uid, it is obvious that in such 
a case duetiliiv must not be obtained at too 
great a sacrilice of t( nsile strength, or the rate 
of extension in seivier^ will be increased, 'rirc 
above is lalluT an ('\tiem(‘ tas(>, for more 
usually ap]ii(‘i’i<ible altei’ation of si/e would 
render a jiart unsuitalile for its jiurjioso ; at 
the same tirin', a slight yielding, witliout 
a[)[)reeiabl(‘ alteration of size or shape, has 
undoubtedly saved many metal parts from 
failuix'. 

In tin* design of any aiticlc the meebaniuil 
projierlies of the metals and alloys u.serl have 
to be eonsideivd, and most ealeulations have 
been basr'd on the ultimate strength or break- 
ing strength of the material combined with a 
numerical factor of safety. A more rational 
system, whn h is gradually being adojiterl, is to 
base su('h ealeulations on the clastic limit or 
the fatigue range, ])roperties which do measure 
more closely the value of the .stresses which 
the material will withstand without fracture, 
at any ratr* within a reasonable period 
of service. The elastic limit measures the 
stress (in tension, compression, torsion, etc.) 
which a material will withstand without ])cr- 
manent deformation, an^ is therefore a 
measure of the steady stress which can be 
apjdied with safety. Allowance must, in all 
cases, he made for local concentrations of 
stress arising from shaq) comers, changes of 


section, local flaws, etc. Specifications based 
on the value of the elastic limit are gradually 
being introiluced, and should lead to a much 
more efficient designing of metal jrarts. The 
chief difiieulty at presi'iil is that the meHsure- 
ment of tins pro|X'rtv is a long jinu ess reijuiiing 
driiea.e mcasunng ap])aratuB, and its adoptiiui 
a.s a coninureinl test is hindered on that 
account. Trie service of n metal under alter- 
nating sties.- Mpjiears be measured more 
closely by the “ 1 itigue range ” than by any 
other ])roperty. This measures the valiu' of 
the alti'niatmg stiess, winch can be ajijrlied 
practically indelinitely without leading to 
fracture. It is usually eonsideri'd that if 
failuri' of the test jiieee does not take jilaeo 
after about two million rc'versals of a given 
stress the fatigue I'ange lias not been ox> 
c'cc'dcd. The dctc'i niinali.tn of the fatigue 
range is at luesent a inoic lengthy and costly 
ojH't.ition than that of the elastic limit, and 
its (‘X.ict rc'latiori to the bi'baviour of material 
in Hc'i'vice IS not yet fully woikeil out. It 
docs md appear to be related to llic' elastic 
limit, as was at one time sujijiosed, but it 
does srs'in to give sonu' estimate cef tbc' .service 
wliieli can be* expeeti d from a material under 
altc'inatmg stress. 

'file first sti'p in investigating failures is to 
detc'rniine that the rii.itc'rial used is suited to 
the design, or, alternatively, that the design 
IS smil'd to the ela''H of muti'iial. In deter- 
inining this, other properties than those men- 
tioned may havi' to be eonsideied — as, fc^r 
ex.imple, the hardness, resistance to wear or 
coii'osion, stability (tendency foi' projx'iltes to 
! altc'i' sponlaiieoiisly ), etc. 

I Tire next step is to determine, if jiossible, 

I whet her faibiie is cliu; to the use of defi'ctive 
mati'ri.il c)i to abuse in scTViee, that is, to 
' being submitted to conditions tor wliieli it 
was not inteiich'd. Abuse in serviei' may bo 
I impossible' to delect ; for example, a gear 
wlic'cl may break tliroiigli being overloaded 
I mcunentariiy, or a condenser lube* may corrode 
; through teinpoiary obstruction wliieli is sub- 
sccpit'iitly removi'd. The laiisos in such eases 
are very dittieult, if not impossible, to de- 
termine. In other cases, however, ahiise in 
servic'o has haal etfeets on the metal which 
serve to inditate the cause of failure, A 
slipping driving-wheel may heat the surface 
of a rail to a temperature above its cntical 
range, when the lajiid cooling, diHi to con- 
duction of the heat to neighbouring parts, may 
produce a hardened skin, in which crocks 
reaelily form and spread through the material ; 
a whitc-mctal beanng may be allowerl to run 
hot, so that the metal melts : such cases are 
easily detccterl. 

The first step in the investigation of a case 
of failure is naturally an examination of the 
conditions under which failure occurred. 
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Much valuable information is frequently lost 
because the conditions at and immediately 
preceding the failure are not carefully ex- 
amined. If failure has taken place through 
the fracture of a part, the fracture should he 
examined with the livist possible delay, especi- 
ally in the (lase of metals and alloys which 
are subject to ra|)i<l corrosion, such as steel. 
The character of a fracture frcqutmtly in- 
dicates the manner in which the metal was 
broken, and in some cases gives a general 
indication of the type of strueture of the 
material. Tor cxanqilc, a “ fatigue fracture ” 
has a characteristic 
app(‘arancc. The 
point at which the 
crack started can 
usually l)(> (hitcctcd, 
as can the path Tif 
the crack, fiom this 
point up to the time 
at which linal frac- 
ture hy rapid rupture 
of the metal com- 
menced. Obscrv.ition 
of the point at which 
fatigiK' fracture corii- 
jiK'iiees may hind to 
the detection of 
faulty <lcsign. A 
“ ery.stallino ” fiae- 
iure (one containing 
hrigfit facets along 
wliich rupture of the 
crystals has oi'ciirrod 
- not an “ intor- 
cryatalline" fracture) 
indicates hy the size 
of the facets the 
general srz^ of the 
crystal structure of 
the material. Such 
fracturi's are gener- 
ally only found when 
rupture of tht> metal 
has hei'ii ra})id, and are frequently associated 
with metal in a stunewhat weak and brittle 
condition. Intererystalline fracture, in which 
the path of rupture passes lietween the crystals, 
is not so commonly met with. This tyiM) of 
friK'turo often occurs when metal is broken 
near its melting-point, \)r when brittle con- 
stituents t)r impurities occur in the boundaries 
of the graAis ; it is also characteristic of metals 
which have faibnl by “ season cracking.” In 
the latter ease fracture is usually a slow' process, 
and may take place gradually ofer a period of 
months or years. Fibrous and laminated 
fractures are found in w’orkod material, and 
the direction of the ” fibres ” or “ lammation ” 
indicates the direction in which the metal has 
bi'en extended. A rolled bar, for example, 
will have a fibrous fracture if it is broken in 


a plane at right angles to the direction of 
extension, but will have a laminated fracture 
if broken in a plane parallel to the direction 
of extension of the metal. 

Fnietures should be examined for flaws, 
blowholes, and other defects which may give 
an indication of the cause of failure. Dis- 
coloration of the whole or a portion of the 
fracture may indicate that it occurred while 
the im>tal was hot ; cornwion may indicate 
that a crack had existed for some time previous 
to failure having taken pl.ice ; local variations 
in the tyj)e of the fracture may indicate 
corresponding varia- 
tions m the strueture. 
Fiq. 7 is taken from 
a fiiocc of fractured 
mild-steei tubing, the 
fracture of which was 
coarse-grained near 
the surface of tho 
metal but tiiu'-grained 
^in the interior. Tho 
mierostruetiire of tho 
junction between 
coarse- and fino- 
grained fractures is 
illustrated. A coarse- 
grained fracture in a 
fine-grained material 
indicates that tho 
crack occurred at a 
stage in the history 
of the metal when 
a coarse structure 
existed, which has 
sub.sequently been 
removed by heat 
treatment. 

Further examina- 
tion of a material 
will usually take tho 
form of tho deter- 
mination of the 
chemical composition 
and es.sential mechanical properties, to de- 
termine whether it i.s of the required quality 
and has the nece.ssary properties. At the 
same time an examination of tho structure 
will reveal the eon^^titution and, as a rule, 
the thermal and mechanical treatment to 
which the material has been subjected. 
These three methods of investigation are 
those mo.st frequently used in the examina- 
tion of any case of failure. In some cases 
examination by one method will suffice ; 
more usually information from all methods 
of examination is necessary for a complete 
solution. Chemical, analysis, by itself, is only 
of value in dealing with specific materials whose 
properties arc definitely known, and on which 
the effects of variations of compowtion and 
certain definite impurities have been deter- 
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mined. In the case of some well-known alloys, 
such as stool, brass, and a few others, chemical 
analysis alone will occasionally, though not 
frequently, indicate the cause of failure. 
Mechanical tests determine certain specific 
projicrties of a material irrespective of its 
rnicrostructuro and composition, and may Ijc 
sufticient m certain cases in which the nature 
of the applied stress during service is known. 
Taken in conjunction with a knowledge of the 
chemical composition of a material, mechanical 
tests may sometime! be used to detect failures 
due to cold- working ; sometime.s they will show- 
up cracks and haws, while, in a general way, 
an examination of the fractures of test pie<-<‘8 
will give gciK'ral indications of the rpiahty of a 
luatt'iial. Kor a detinite determination of tlu* 
cause of failure cxaminati(»n of the structure 
of the material is usually essential. The 
projicrtics of a material depend on its rnea han- 
ical and thermal history, since this determines 
the coiulition in which it exists at any moment. 
Examination of prepared surfaces, togetherwith 
the use of suitable etching reagents, will some- 
times H'veal in a very coiujilete fashion the 
essential portions of the history of a metal 
from the time it was niolUm until it became a 
finished article, 'I'lic use of special etching 
reagents for revealing coring and segregation, 
such as the cuiiric reagents for steel, gives a 
nietiiod of tracing the manner in w-hicli the 
material has been defoinu'd during the various 
processes of manufactuie, while the examina- 
tion of the existing stiuctiire indicates the 
treatment to which it has been submitted 
during the final stages. !Sornetimcs the 
essential features of the last three or four 
stages of manufacture are writtmi in the 
microstrueturc of the sample. In other cases 
local defects, duo to irnju'oper methods of 
easting, working, or heat treatment, or to 
severe c'oMdition.s, or abuse m service, are 
detected with a certainty which Is impossible 
with other mcthofls. No \ery general rides of 
procedure can bo indicated here, since the 
methods adopted must be suited to the material 
under investigation and to the conditions of 
service. The methods of detecting certain 
types of defect have already bt'cn indicated in 
a previous portion of this article. 

In coses in which some doubt arises as to the 
suitability of a certain structure for a certain 
purpose, comparison with articles which have 
given good service may be made ; in other 
cases, in which the mechanical or heat treat- 
ment is not clearly indicated, further informa- 
tion may lie obtained by experimental treat- 
ments, carried out in the l|boratory, combined 
with a determination of the mechanical pro- 
perties of the treated material. Finally, in 
all investigations into the structure and pro- 
perties of metal articles, due consideration 
must be given to the conditions under which 


I they are made, and to the properties which can 
j rcasonabU bo exiiectod in the material under 
j manufactnnng conditions. Particularly is it 
' necessary to take into consideration the sixo 
of an article m relation to the tnvitment to 
ahich it must be subjccteil, for tile properties 
which can be obtained on small samples 
treated in a laboratory ire often very different 
from those which cun lie obtained in a largo 
sample under munufacturing conditions, 

D 11. 

METALS, 

MICROSCOPIC EXAMINATION OE 

Thk inieroseojiic examination of metals, 
initiated by Sorhy of Shefiield about the 
year I8fil, has developed iii n i-ent times into 
an mereasingly important means of studying 
tlie internal strueturo and eonstitutioii both 
ot pure metals and alloys. In eonformity with 
its growing imjxutance, this method of in 
vestigatioii has developed a highly-specialised 
teehniijiio. The siieeialised charaeter of the 
methods oinployod arisc's in the first instance 
from the fai't that the very great opacity of 
metals makes it prai-tieally impossible to cut 
or otherwise pr(*])are satisfactory sections 
thin enough to be examinod by tiansinitled 
liglit. The mieroseopic method.s employed 
must thereft»re be ada])t(sl for dealing with 
opaipie objects viewed by retlceted light. This 
requirement lias led to the develojnnent of 
a s|X5eial ty[)(‘ of “ metallurgical ” microscope. 
On the other hand, the prejiaralion of metal 
specimens for examination by ri'lleeti'd light 
has brought with it the development of mi'thods 
for the prejiaration of metal suifaei's free 
from defects which would obscure the struc- 
ture to lx* studied, and of means of developing 
upon a smooth, polished surface a pattern 
easily vl^lhle under the mieroseojie which 
reveals the inteinal struetuii' of the material 
under exaininatu)n. It will he convenient 
first to consider the preparation of the metal 
surface for examination, since this will furnish 
the information upon which the design of the 
specialised features of metallurgical niicro8cope.8 
18 based. 

§ (1) Pkeparation of a Section, —The 
first step in the projiaration of a metal micro- 
section consists in sekxiting the specimen of 
metal to lie prepared and exanitned. This 
must depend to a very largo extent upon the 
precise nature of the piece of metal from which 
the specimen is to be jirepared and also ujion 
the purpose in view, A satisfact^iry selection 
can indeed Ije made only in the light of full 
knowledge of the jxiculiar features likely to lx* 
encountered in each type of maWrial. Thus 
in a casting the microstructure will differ 
materially according as we examine a section 
from an external region where cooling has 
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boon fairly rapid, rise to a radiatiiij? 

structure of oloni'atcfl crystals p;onorally 
tonnod the “ fhdl ” structure, or from an 
internal portion whore teinperaturo gradients 
were slight during freezing, and the crystals 
show nearly e<|iiid lengths in all directhins. 
In wrought metal, on the olhei hand, which 
has undergone such ope?-ations as forging 
or rolling, att('ntion must lie paid to the 
direction in which the material has been 
elongated. Ihue longitudinal ar‘d transverse 
sections may give widely dideront appearances. 

A ])artieuliirly important ptunt in this connec- 
tion is that sections cut parallel to the direction 
in winch elongatmn has taloai place may 
hoconio practically unmtelligihle if taken in 
such a way as to cut, at a veiy small angle, 
through layers of a slruetuie which has Imsui 
flattened out into t hin sheets. In such sections 
the structural oiithiH's lK‘eoim' extrenu'ly 
confusi'd and iiri'gular simply hi'caiise of 
th(' ohli(|uity of the plane of sectetri. As a 
geiK'ral rule sections < ut fioiii a given piece 
of metal iii seveial dill'erent directions should 
ho examined. 

'I’lu! method hv which a pU'ce of suitable 
sizi' for suhs('((ueiit op<‘rati<»ns is d<*tached 
from the latger mass of metal is of consnh'rahk^ 
impoitanci'. A good deal ilepemls upon the 
hardiK'ss and general charai'ter (*f th(5 iiK'Ud 
in question, hut ('\eept in \ery h.inl, non 
ductile m.iti'iials, «whore (ueees aie best 
rmnoved by lieing forcibly knocked t>fl by a 
suitabh* blow, it is advi.sable to employ tlu' 
most genth' mi'an.s availabh'. 'I'lii' u.s<* ef 
sharp cutting-tools, sm h .is iliills and s.iws, 
is, as a rule, (piite s;itisfactorv, but the use 
of more forcible ia[>id methods is t.o be 
depri'cated, iiince altm'ation of the structiiie 
of the metal, as the result of \iol<‘nt mi'clianical i 
treatment, imiN occur, and this may in ceitain 
cases tend to vitiati' the results of siibsisjiient 
micro.scopie examination K\en the use of 
powerful cutting-tools may cau.so rlifliculty, 
since it is hnmd that in many metals they 
produce a pkistic deform.ition of the micro- 
structure to an appreciable depth below the 
finished surfai'e of their cut. Thus a siirf.ice 
which had been prejiared by means of a 
heavy-cutting, coarse flip is apt to show*, in 
the finished stag«, lines or bands of distort^'d 
structiin’ which are in leality traces of the 
deepest of the file-marks, St ill more objection- 
able from the point of view of micro.scopi(‘ 
examination is the practice, w’hieh Is now 
becoming widespread, of eutting up metal by 
means of the oxyaeetylene outting-blowpijx'. 
In steel [lartieiilarly, the very high tempt*rature 
generated locally by the cutting flame is 
sufficient to produce changes in initTostructuie 
over a surprisingly wide area, (’are must 
therefore bo taken that any specimen used 
for micpiscopic ©.xamiriation has been taken 


from a spot sufficiently removed from the 
path of any cutting flame which may have 
iieen employed. 

The preparation of a spi^eirnen for micro- 
examination, after it has been cut to a suitable 
size, generally begins by some proces.s of grind- 
ing or filing, serving to produce upon it one 
plane face. As a rule, this operation is done 
very roughly, with the result th.it the surface 
produced is by no means piano hut usually 
maikedly convex. This is a distinct dis- 
advantage, not only in the finished specimen 
hiit also a.s a lelarding factor during the 
subsequent more delicab^ stages of prefiaration. 
Where po.ssihlc, therefore, this jirehminary 
shajung should bo done in a machine-tool 
giving a [ikine surface. If this is not possible, 
a fairly .salisfacy»ry result can he obtained 
by means of a wude Hat file. For Ibis purpose 
the file should lie held .stalion.iry hi a hoiizontal 
or tieaily hoiizoiit.il [losition, ami the face of 
the s|)ecimeu .should thv’i he ruhhrd firmly 
(»vcr fill' Htiifaee <»f the file. By this means a 
reas(»n,ihly Hat siiifaco e.in he obtained mm'h 
more ii'adily than by the mon* iHiial proce.ss 
in winch thi' file is drawn oviu- the spi'fimen. 
Wh.di'vi'r metlual of filing or grinding is 
employed, howcNcr, caic is rc((iiii’ed to avoid 
any .vpprcciahh* heating of the spi'eimon. 
The heat wlm li can he cvolvcil hv the over- 
vigoroii: giimlmg down of a specimen of 
hanhuieil steel, for instance, is (piito enough 
to bring alxuit viuy impoit.mt changes in its 
iniciosti iicture. In any casi\ however, heating 
IS a sign of exc(‘H.slve viohmi'c, and .should 
therefore be carefully avoidi'd. 

When the specimen has heim provided with 
a riMSonahly flat .siirfaci', fro(‘ from the eimrser 
tool-niaiks, tlie process of fine LM'inding may 
be commenced For this purpose, the surface 
is rubbed on a piece of fini' emery jiapi'r, care 
being taken to move the piece of me't.al hack- 
w’.irds and forwards parallel to itself. If this 
IS done, the suifaco raiiidly heeornes uniformly 
covi't’i'd with a .system of approximately 
parallel scratches i-orresponding in dt‘pth 
and width to the gr.ide of emery employed, 

' Hy looking at the surface in such a w'ay that 
I the light falls along the length of the scratches, 
any remaining marks running in other direc- 
tions are at once detected, while amid a maze 
of eiirved and intersecting scratches it would 
be impossihlo to detect any but the coarsest 
of " odd ” markings. When the [iroeess of 
rubbing down on the first grade of emery 
has been carried so far that no other markings 
than the parallel scratches due to that rubbing 
itself can be seen, the specimen is transferred 
to the next liner grade of emery paper, care 
Ix'ing taken that no grains of the coarser kind 
are carried with the piece of metal. Rubbing 
is again carried out by ajiproximately parallel 
motion, but the direction is now chosjp 
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approximately at right angl(‘a to that of tho | 
previous system of sciatclios, ami ruhhing is ! 
coiitiiiuod until no trace of the jiroMous, ' 
coarser, system remains. This plocess of 
successively reversing the directions of the 
systems of scratclu's on successively finer 
grades of emery ji.iper is continued until the 
last set of seratchi's aie extiomely tine. For ' 
this purpose it is usual to cm])Ioy the sjiecially 
tine Frencli eiuery jiapors pr«‘paie<l originally 
for tho use of engravers, hut now regularly 
8up]ihod for inetallogrH|ihic purjioses. Stillfinei ' 
grades of emery }u|)(M’ can he prep.vred hy the 
caix'ful le\ig.ition of line enieiy powders, and 
tho subsetjuont coating of such extremely line 
pow'dm' upon strips of parchment pK'viously 
rendered adhesivi' by ;i thin (.o.iting (d whiti* 
of egg. This relinmiU'nt, however, is raiely 
ni‘C<\s.sary. 

Wlu'ti seiatehea on thi; surf, ice of a moiier- 
ately haid met.il havi' been i educed to a 
sulheicnt degii'e of lineness, they can be 
leaddy obliteratisl by a bind jiolisiung 
operation. I’ohsluug, in pi.ietiei', usually 
consists in lubbuig thi' suifaee more or li'ss 
ra]iidly ag.iinst a sriuxdh, soft suit.u-e, such 
<is that of a line cloth, which is eh.iiged with , 
soiiii' jiolislung iiK’diuin, HiU'h <is rouge or 
alumina, and moiMtiMU'd with water. While 
it is disimetly prehralile that all the gnnding 
opi'i.itions w'ltli tlu> liiK'i’ gradi's of emmy 
papei should be c. in led out iiy gmitly nibbing 
by hand alom , polishing is best done by means 
ot discs eovereil w itli tho clotli or other medium 
enijiloycd, and diivon by ims hanical means at 
some delmite speed, the hardei metals pmimt- 
ting of the adv.int.igeoiis emjiloymenl ot 
higlim' speeds If both the suifaco ot the 
speeimeii and tho te\olving pohshing disc are 
in [)io[i(M’ condition, till' idihteiatiori of the 
tine sciiitches left from the last stage ol 
emi'ry giinding shoiihl not occupy moie tlmn 
four or live minutes, bui. ddheulties are often 
encounteri'd Thus the suifai o of the sjiecimen i 
Tiiiiy b(' found to be traversed by a riumbei of 
seratehi's d('e[)er than those due to the line.st 
grade of eiiieiy employed, and it may [uove 
difiieult, if not imposdlile, to polish these out 
in any reasonable time. It is unde.«irable 
practice to endeavour to <lo this. For many 
purpose.s a few more or less i.solated scratches 
are of no importance, but if they are to be 
removi'd it is far better to return to a suit- 
able grade of emery and to gnnd them out in 
that way. Prolonged jiolishing, particularly if ' 
pressure is ajijiliod against tho poli.shing disc, i 
produces a surface which is unsatisfactory 
for metallogiaphic pur])oseH. > 

Tho extreme case of a*‘ polished” surface 
which is undesirable for microscopic examina- | 
tion is that produced by a burnishing process, 1 
in which the finely ground surface of the i 
metal is lendered smooth and bright by tho * 


pressure of a smitoth, hard body, such as 
a hard steel burnisher. Hero the surface 
irregularitic'i are imt lenioved, Imf tlie metal 
is forced. b\ great inteu'^ity of locid presuire, 
to flow' over and into them. The siirfac,' is 
thus covered by a “ llowed '' l.iyer whose 
eliemii.il lahavtoi.r and muTostructure do 
not eoirespoud with tluoi'of the interior of the 
metal. 'Po some iixti'ii’. as lias been shown 
hy Hedhv such c hni niching action, resulting 
in suif.iee llc»w', alw.iys oeeiirs when metal - 
or indec'd anv substanet' is jiolished. But 
when only Imlit pressuic's ami suvtahle polish- 
ing m.iteii.ils are Uscsl the' .iiiiouut of ihis 
suifaci' tlow can he vi'iy much redm-iMl, so 
that the; llowi’d lavc'r is leadily removc'd 
hy the' suhsec|ueut etching proei'ss, which 
Ihc'li leve.ds the tnie stimtuic' of the metal. 
Evi.lciiee.s of suif.iee How, however, frc'ipieutly 
iiiaUc- thc'insc'K c‘s felt 'I'liiis It IS a common 
I'Apenc'iieo to liiid that an appati'utly pcifc'ctly 
polishecl Hpc'cimen. cjiiitc fiec' ii'om scMtehes 
or other dc'fc'cts wheii il le.ives the jiolishmg 
pad. yc't exhil'its a ma/.e of seiatelies after 
it has hc'cn c-tc-lu'd. At Hist the opi'rator is 
luc liiiecl to hc'hi’M' thil he miisl, iiiad vc-rteiitly, 
li.ive Hc'i.itclu'cl the suitace duiiiig the eleliing 
Operations, hut hc^ soon Hiids that when sui'h 
a posuhihty h.is hemi entuc-ly (dimiimted, 
the* sc ratc'hc's stdl reappe.ir aftc-r eteliing. 
Tlie I'xpl.i nation is that these seratelii's have 
ncvei been rc'Uiovc'cl b\ thc' polishing jirocc'ss, 
hut have inc-ic-ly become Hill'd np, or even 
eoveied ovei, b\ till' Howc'd snifaei' hiyev. 
Wlic'ti tills l.ivet is dissolv c>(l aw.iy l)y tlic' I'ic-li- 
ing riMgeiil I 111' sc i.iti he. aic' again unc'overed 
If they .lie' .igain jiolished ,iway on the jiiid 
thc'V will still ii'ajipe.u to a slmdit extent on 
suhsecpient etching, hut a few ri'fK'titions of 
this ))ioic'ss will hung .ihout thc-ir eritirc' 
rcmiovol, j'’oi furlbei \i ry compicio evideiieo 
on this tii.ittei, lefeic'iicc' '-'hould he made to 
tho origin (I p.apors cd Bc ilb), alre.oly cited. 

'riic tec limc|uc' c)f the poli.slimg jirocoss 
depends m.iinlv ujnni mi'tieiilous care to avoid 
the* intiiision of foieign niattcT, which is, as a 
rule', .snflicaeiitly hard and " giitty ” to cause 
SI Kite lung of the di'heato metal suifaees on 
the Jiolishing ji.id. Extreme cleanliness and 
care, resembling thow* emjiloyed by haek'rio- 
logists in .1 voiding haeterial eontiiimnation, are 
thus reijuired. loir the best Idnds of work it 
H even necessary to koej) a separ.aV' polishing 
disc for each niet.il to he examined, as a disc 
on which .steel has been polished i.s not satis- 
factory if us 'd for eopfier or aluminium, or 
vice irrMu. The materi.al of thc jiad or disc 
must also he chosen with groat care Thick 
Woollen cloths such a.s tliosi' used for making 
liveries are very suitable, hut a satisfactory 
grade should he soleetod hy trial, and w'hon a 

* IJcilhv, Rn)i Sitf- M.iv tUfCt, Ixxil , iirul 

190U, lx\xt. ; S()c. C'fiein. Induidry J., Nov. 1903. 
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suitable kind iias boon found a considorable 
quantity Hhonld bo obtained, «ince by no 
means every sample, nf>minally of the same 
quality, answers equally well. The use of 
this cloth has the disadvantage that its soft 
thickness j)rodu(!es a certain amount of erosion 
in the speeinuins, the softer constituents being 
removed rather more lapidly than the hard. 
Chamois leather stretcho<l over a metal disc 
is better from this j)oint of view, while lino 
calico, taken from old, worn garments, ha.s 
proved particidaily satisfactory, b’or the 
])ijrpo8e f)f polishing-powder a largo variety 
of substances, usually metallic o.vides, have 
lH)en employ('d, iron oxide (rouge) being most 
fro(piently used. ]jo (Ihatclier, however,* has 
shown that both alumina and chromic oxide, 
when prepared in sjiecial ways, are far siqicrior 
to rouge. The present writer, on the other 
hand, has found calcined magnesia (heavy) 
one of the best and most readily obtained 
])olishing media. 

When the specimen has Is'cn jirovided with 
a satisfactorily polished surface, it should~in 
ideal conditions —show a peifeetly featureless 
blank when (!xamin<'d uiuler the miero8co|)o. 
Actually, ])articnlarly if oblique illumination 
is employed, this is n<‘ver the case. 8malt 
dideiits and a few scratches, however, do not 
seriously interfere with the u.se of the .section, 
except where photoniicrographa are to be 
taken. Even for that purpo.se, however, a 
certain amount of .‘••ratching must 8ometim(\s 
be reluctantly admitted, since with the .softi^r 
metals it is practically impo.ssible to eliminate 
such defects. Afiari from such features, 
however, a well-poli.shcd specimen, as a rule, 
shows no marked indication «)f the structure 
of the metal, e.vcept in eases wIkto very 
hard eon.sl iiuoats are present or where the 
polishing process lias been carried out in a 
manner s[)eeially cahmlated to cause erosion 
or, as it is termed, “ relief pdishing." In Ibo 
vast majority of cases, therefore, it bocoines 
necessary to “ develop ” the surface by 
producing upon it a miero.seo]»ioally visible 
pattern which shall indicate the structure 
of which the jiolished surface Ls a section. 
This process of revealing or devel(;ping the 
structure is termed “ etching ” , it is generally 
carried out by the action of a weak acid or 
other reagent, which slowly and gently attacks 
and disseyves the metal, producing upon 
the surface a slightly dulled or “ etched ” 
appearance. 

§ (2) Etctiino — THE Reaoent. — The 
manner in which an etching reagent reveals 
the internal structure of a polished sfiecimen 
depends ujkiii the nature both of tlie metal 
and of the reagent employed. Metals, from 
this point of view, fall into two great classes 
according as their inicrostruoture exhibits a 

‘ Le Chateller, Rei', de M^UUlurgie, 1905, 11. 528. 


single homogeneous phase or consists of two 
or more chemically and physically distinct 
phases or microconstituen^. In the former 
case the metal is an aggregate of crystals all 
of the same chemical composition, and, if 
their presence is to bo rendered evident by 
etching, the chemical attack must bo of such 
a nature that it reveals the minute differences 
betwwn adjacent crystals. Those differences 
are presumably duo to the fact that the angle 
at which the surface of the polished section 
cuts the space - lattices is different in each 
crystal, and there ajipoar.^ to be a corresponding 
dilferonco in the rate at which each crystal 
is attacked hy weak solvents such as dilute 
mifieral acids. In some circumstances a 
slight difference in the rate of attack is all 
that is observed, and in that case the etching 
effect is of a ^^ry .simple nature : adjacent 
cry.stals being dissolvc'd away to slightly 
different depths, a small difference of level is 
pr(»du(‘e<l at the boundary whore they meet. 
'I'his implies the o\iste»co of a small sloping 
surface w'hiiih, under norrn.il illumination, 
appears as a black line, whoso thb-kness will 
depend solely upon the difforerice of level 
which has been ])ro(lucod. Iron (ferrite), when 
lightly etched with picric acid, gives a result 
of this kind. In the majority of cases, how- 
ever, this attack on different crystals brings 
about nut only a general dissolving aw'ay of 
the .surface, hut also a certain roughening of 
that surface. This arises from the develop- 
ment of lai'ge numbers of minute facets w'hieh 
boar some definite relation to the crystal 
structure. When etched in this way the 
various crystals appear .shaded to different 
dejiths when viewed with normal illumination, 

I and exhibit the typical “ oriented lustre ” 

I of etched crystalline .solids when viewed under 
j oblique light.* In .some cases the etched 
: fa(;etH on cryst.il surfaces become largo enough 
I to be individually resolved by the microscope, 
and in other ea.se8 they apjK'ar as more or Ic.ss 
isolated markings on the crystal surface. In 
the latter ease they exhibit the tyjucal 
geometrical characteristics of the crystal, and 
are known as “ etch tigures.” In other ca.se.s, 
again, the etching of a single-phase metal or 
alloy may bo so conducted that there is 
relatively little dissolution of the crystal 
surfacas, but a concentration of chemical action 
at and near the crystal boundaries. Under 
such a reagent these boundaries become 
widened into groovas or even bands. 

The etching proce.ss in a duplex or multiplex 
alloy is of^an essentially different type. Here 
there is a definite difference in chemical 
composition and cRemical pnipertios between 
the constituents, with the result that, as a rule, 
one of them only is attacked by the etching 

* For a fuller account of these phenomena, see 
article on Metals and Alloys, Mlcro-gtructore of.” 
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reagent, the otlier being protected in a manner j 
wliich may bo regarded as clectroehemieal. j 
The latter view is borne out by the fact that 
in almost every ease t*nc particular constituent 
of an alloy is preferentially attacked, whatever 
the reagent employed. It is a further conse- 
quence of the chemical differences between 
diversa constituents in an alloy that, jus a rule, 
tho et^ing process is much mote rapid in a ! 
duplex alloy than in a single-phase material, i 
Weaker etching reagents and shorter times | 
of exposure mu.st therefore be employed. | 
Further, it is not, as a rule, ])o3.sible to 
observe tho typical “ oriented lu.stre ” of such 
sections under oblique- illumination, except 
in cast's where the deep-otching constituent 
prt'dorninates and itself possesses crystalline 
orientation capable of being developed in 
this way. 

A very wide range <if eherniea! substances 
have lieen employed as etching reagents for 
various metals, and it would lie beyond the 
scope of tilt' jiroscut article to attempt to 
enumerate them and their peculiaritie.s. Only 
a few ty[)ical examples will therefore bo 
mentioned. 

(i.) And Red/jents. —By far the most widely 
used etching reagents ace the acids, which are 
employed in various degrer's of dilution. 
Thus for iron and steel nitnc acid is frequently 
used. It has evr'n been usc<l in tho concen- 
trated form, which renders a polished steel 
surface “ p.us.sive.” If the strong acitl is 
washed away rapidly in a .stream of water, 
however, action occurs for a brief jicriod, and 
this has been recomnu'nded for etching 
steel. A more usual and much safer plan is to 
immerse the spi'cirnen in a bath of dilute aciil, 
tho dilution varying from 10 per cent to O-l 
per cent, the diluent being either water or 
alcohol. In the case of wrought iron or very 
mild steel this reagent re.idily reveals tho 
crystal boundaries wlnlo roughening and 
darkening any pearlite areas present riither 
too deeply, 'idiere is also an undesirable 
tendency, particularly in aqueous solutions, 
to produce a darkening — probably due to 
oxiilation — of some of tho crystals. As a 
result of these effects, nitric acid, and also 
the other strong mineral acids, are now widely 
regarded as somewhat crude reagents whoso 
indications cannot alwvays be trusted, particu- 
larly in regard to steel. For many metals 
and alloys, particularly those resistant to 
chemical action generally, these powerful 
acids are almost the only means of etching 
available. For iron and steel, however, 
numerous other reagents have been used 
with great success. These include particularly 
a number of organic acids, among which a 
solution of picric acid (trinitrophenol) in 
alcohol has found very wide application. 
This reagent, which may be used either as a 


4 per cent solution in alcohol, or as a saturated 
solution in the same solvent, gives results of 
g’-eat clearness and uniformity, and allows 
the depth of etching to lie varied very readily 
at will. Tills is of special inqiortanee where 
ytry high magnifications are to 1k‘ used, since 
for this purjiose a much slighter amount of 
ctchirg nui'jt be imploycd than is desirable 
for use with lowci magnilications. Thus a 
specimen of mild steel may require etching 
for 10 secvmds in alcoholic picric acid if 
intomh'd for examination at 150 diameters, 
but needs only one or two seconds’ exposure 
I to tho same reagent if intended for study at 
1000 diameters magnification. 

The acids and similar reagents rcfcrnal to 
I above produce tlicir I'tcliing cfTccts mainly 
I by virtue of the fact tba,. Ihcy attack or dis- 
I solve the vaiious constituents of tbc metal at 
I (lifTcrcnt rates, .and thus ])ro(lucc differences of 
level .ind texture which build up the micro- 
scopic pattern indicative of the structure. In 
some ca.scs solutions of salts which enter into 
reaction Avilb the* metal may be cmjiloycd in 
a precisely similar manner, but in other cases 
their mode of action is diflcrent. This applies 
particularly to cases wlicie the result of 
eteliing is to deposit a thin film of coloured 
! matenal ufion eiTtain of the constituents of 
1 tho Bjiccimen, thus bringing about the develoji- 
I meiit of a patti'rn I'sscntially diflcrent from that 
j <liic to alterations of h'vql. The m<)st striking 
exarniilo isfuniislied by the so-called “ cupric ” 

' reagents now widc'ly i mploycd in the study 
I of steel. It has been found ^ that vanous 
, solutions containing a small amount of a 
1 cupric salt react with a steel suilace in such 
a way tliat a dejiosition of a small amount 
of copper takes place. Where the (juantity 
of cojiper d('po8it(‘(l is relatively larg(‘, it 
first covers the entire surface of the, sU'cl, 
and must then be rubbed or brushed off. If 
this is done, a mere “ differenco of level ” 
effect is left behind, although the rnetliod is 
iisi'ful for producing broad effects serving to 
reveal the general scale of tho structure, and 
particularly the distribution of impurities, 
etc. If, on the other hand, the concentration 
of the copper salt in the solution is low and 
suitable restraining agents arc present, the 
deposition of copper is very slight in amount, 
anrl it then takes place in a preferential 
manner, indicating the distribution of certain 
dissolved impurities, such as phosphorus, in 
a very striking and useful way. Tho exact 
interpretation of the etching effects produced 
by these reagents in steel is, however, still 
I the subject of further research. 

* Rosenhaln and Ilaughton, Iron and Steel Tnet. J., 
19H, 1.; Stead, Cleveland Inst. Mining Eng., Deo. 
1914 ; Le Chatclior, Comptes Rendus, elxl. 373, 
and 1917, elxv. 849; Ber de MStallurgie, 191ft, xv. 
127; Comptet Rendnt, 1918, clxvii. 472; Whiteley, 
Iron and SUel Inst. J., 1021, i. 
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Other HulwtariccH employed an etching re- 
agents also producer suilaco deposits or stains. 
'i’huH a hoihng solution of sodjum [)kTate 
when af)[»lied to steel j)rodiice,s a dark staining 
effect on any free emnentito which may ho 
present, and thus serves as a valiiahlo means 
of idmitifying this eonstitiient. Special re- 
agents f<»r the idcntiUcation <jf other con- 
stituents met with in stoel have also been 
proposed, hut their application is less dolinite, 
mainly [icrhajis laicause tho very “ con- 
stituents ” whiidi they aro intendcil to identify 
are essentially of the nature of ill-delined 
transition produi’tsd 

(ii.) Other Methods. -Among tho methods 
which have heim emjiloyed for the jmrposo 
of producing “ etching ’ (dhaits hy surlaeo 
staining is ono wffich, while not of great 
praetie.d value, is of special interi'st. In 
thjs method tlie wide differems's in magnetic 
pi'rmeahdily which exist hetwi'cn tho diHerent 
Constitm'uts of stisd aro ulilisi'd. The 
speeimi'n is magnt‘tisi*d hy me.ins uf not too 
poweiful a licld, and is then brought into 
contact with a medium Irom which (incly 
divided irai is leailily deposited. 'I'his iron 
is (h'liosiled preferentially on those poitimis 
of the surfaei' where there is tlu^ gri'atest 
magnetic Hux, and the most highly peimeahlo 
constituent is thus eoated or “stained” with 
finely divided iron, h’or this purpose, how- 
ever, it is desirahl (4 to employ a colloidal 
solution of iron which is best eap.ililo of 
HU|»plying the metal in a state of sullieiontly 
fine division. 

It has already hemi indicated that the 
reactions which occur in most etching opera- 
tions an^ to a eonsider.ihlo e.xtent ideetio- 
ehemical m, nature, hut, as a ruh‘, their 
intensity is gtiverned mainly fiy I he eoneenti.i- 
tion and the temperature of the leagent 
employi'd. In some casi's it is ile.sirahh' to 
carry the control of the jiroeess much further. 
Thus it may become de.sirable to inaki' the 
etching proce.ss sufficiently slow and legular 
to make it possible to keep it under ohserva- 
tion by means of the niicroseojie. This is 
desirable where it i.s important to establish 
some definite connection betwemi a pre- 
existing feature and a subaeipient etching 
effect. This c*aij somefimes be done very 
satisfactorily by using an ordinary etching 
reagent, siudi as dilute nitnc acid, but render- 
ing the solution viscous, and thii.s retarding 
tho action by employing glycerine instead of 
water as the solvent or dilue’bt. A much 
more generally applicable method of regulat- 
ing the etching process, whether it be desired 
to make it very slow or otherwise, is to make 
the spi'oimen the anode in an electrolytic cell 
and to apply any desired voltage. If an 

' Koiirbatofr. Tbr. de MfUillmk, 1905, li. 169, 
and 1906, III. 648. 


I electrolyte is used which is itself without any 
appreciable action on the metal specimen, 
then the solvent actum on the specimen 
depemls entirely upon the rjuantity of electric 
current passed through the cell, and can 
thenffore be very accurati'ly regulated and 
reproduced whenever desired. The electro- 
lytic method has the furiher very great ad- 
vantage fhal by its aid practically any metal 
or alloy can be successfully etched, even when 
the material is highly refiactory in its behaviour 
to chemical reagents. It ajipeam jirobable 
th.it this method of etching will find incieascd 
tapphe.ition among those metallurgists who 
have the neeessaiy aj)j)hances at their disposal. 
{ill.) 0(Mou.'i as a rule, 

, ctehiiig leagcnts are apj)lied to the surface of 
a metal speiimen in liquid form, there aie 
certain gaseous ^)r vajiotir reagents which 
also SCI ve important purposes. Tho most 
widi'ly piaetisi'd method of gaseous “etch- 
ing” is om* first imijiloyed hy Stead, “ and 
geneially knoun as “ tu'at-tinting.” Here 
the speeimeii, usually sfeel, is first carefully 
eliMned and lined and -- jireferahly — very 
lightly etched with a dilute mineral acid. It 
is then gently and nnifonnly heated, ])rcfer- 
ahly on an eleetrie hot-i)lato. The snifaie of 
the metal then undergoes gradual oxidation, 
aeeoinpanied by tlio formation of tlio well- 
known eolouied films whii h have so long been 
utilised in tlii' workshop temiicring of steel 
toots. On mieroseopic examination, liovv- 
evor, it is found that tin* oxidation is not 
nnifoini ovi r the entire suifaee, hut has taken 
i place diffenmtially as hetweim the various 
' const it mmts ^iresimt, thus jirodueing a sju'clos 
of “(‘telling.” Where phosphorus i.s fuesent 
' in iron and .stei'l brilliant effeets of tins kind 
aie prodiieed, the indications being, in many 
, ea.se.s, exactly similar to those iditained hy 
I means of the “ enprie ” reagents deseribed 
above. In addition to the use of tho oxygen 
and *,vater-vap()ur of the air, it is possible to 
! utilise other gases or vapours for the pLirjioses 
of etching, either in the cold or, as in ordinary 
heat-tinting, at slightly elevated temperatures. 

I Sulphide of hydrogen or of ammonia can be 
employed with some metals, while ammonia 
nets upon others, ridoriue and hydroehlorio 
acid have bin'll used hy Baykoff,® among 
others, for the etching of steel specimens at 
higli te unit rat u res above tlie critical range. 
Tho object of such high-temperature etching, 
whieli wa5 first attempted by Saniter * with 
, fu.sed calcium chloride as an etching reagent, 
i is to dcti^rniine the mierostructuro ot steel 
i (or other metals) high temperatures. For 
' this purpose it is not essential that the specimen 
; should be actually examined with the micro- 

* Ste.-nl, Iron and Strrl Irnd 1000 II. 

* Jlajkoff, Hrr. de MHal}urg\e, lilOG, vl. 879. 

* Sanlter, Iron and Steel Inst. J., 1897, 11. 
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8co|)e while hot, although more or less suceoas- 
ful attempts to do tliis have been made by 
several workei-s. The essential jioint is that 
etching shall take place at the temperature at 
whii'h the structure is to be studied. When 
this occurs a surface iiattern is producrnl which 
correa})on(Ls to the hot structure, i.e. to the 
structure \vhi(>h existed at the moment when 
etching occurred. Subsequent changes in the 
metal can only alTect this surface pattern in 
a secondary manner, and the main features 
of the etching pattern produced at the high 
temperature can be readily seen when tlu' 
specimen is aubseqmmtly examined in the 
cold state. There is, however, in the u.se of , 
gase(Jii.s reagents at high temperatures, an 
essential condilion. Unless it is merely 
desired, as in ordinary heat-tinting, to study , 
some diirerentiully produced surface layer or 
lilm, it is necessaiy that the pnxluct which | 
results from the leaction of the gaseous re- 
agent with the nicta^l shall al.so be gaseous 
at the temiierature employed. If this is tlu; 
case, the surface of the metal is left clean 
and suitable for the microscopic examina- 
tion of the etching pattern prcMluced by the 
chemical action which has occuired. If the 
reaction product is not v<jlatile, on the other 
hand, the metal surface is left covm'cd with 
a coating-- generally loiigli an<l iin'gular — of 
this product, which entirely hales the real 
etcheil surface. In the case of iron and steel, 
etching at tc'inpcrature.s above StMl" ('. can 
be well earned out by means of chlorine 
gas, because the feme chloiidc jiroduced is 
volatile above that temperature. At lower 
tempcratuies, however, the specimens become 
useless owing to the presence of layers of 
chloride. 

Jn this <'onnection reference must be made 
to a curious ])hcnoin(‘non, whose tine nature 
is not yet fully understood, which is en- 
countered when poli.shed-metal specimens are 
raisi'd to high tcmjieratures, either in a good ; 
vacuum or in an atmos])lu‘re of “ neutral ” 
gas, such as hydrogen or lutrogen. In these 
circum.stances it is quite possible, although 
by no means easy, to preserve the ])olished 
surface of the specimen from oxidation or ! 
other tarnish, but even when no sort of i 
chemical action is possible — as in a very high i 
vacuum — the metal surface does not remain ! 
smooth and unaltered, but, on the contrary, 
it develops very well-defiiuxl patterns, gener- 
ally know ri by the name of “ heat reliefs.” 
These obviously eorresjiond to the internal 
stnicture of the metal, as the crj'stal boundaries 
of a pure metal become 'dearly revealed in 
this manner. In some cases, indeed, where a 
metal undergoes an allotropic tran.sformation 
involving a crystalline rearrangement two or 
more sets of boundaries appear in the heat- 
relief, corresponding to these successive condi- 


[ tions.^ In some metals, such as silver and 
' vine, then' can be little doubt that thi.s vaeuum 
' etching I'J I'l reality due to a slight \olatilisa- 
tion of the metal, which occurs preferentially 
at the ery.stal boumiarks ; but in the ease of 
iron and (•oj)jK'r this ex])la!)a(ion is not so 
readily acceptable, particulaily as the pattern 
npiiears to Ic due ra'iicT to the dexelopment 
of diflferenev^ of level than to local removal 
of matc'rial. U has been suggc'stcd that 
differeiUTs of t'xpnnsion Indwcxui adjacent and 
dilTcrc'iitly oi anted crystals may ])roduco an 
up-thru.st iijHm some of the crystals which 
naiy not only ic\cal the boundaries of the 
surkce layer of cry.slals hut may oven show 
trace.s of the hoimdaric's of tlu' crystals im- 
mediately Im Iow. ►Sometimes a doiildc system 
of clearly dclined hounclaru's > .m be produced 
upon a surlaeo which has not been (‘xposod 
either to (bcmual actiem or to \ olalilisation ; 
an exam|ile of (his 1 mil occurring in a spot mien 
of cadmium, which has l)ccn prepared by 
drc)|)ping a little nii»llcn cadmium upon a 
waim glass j^late and alktwing it to cool in 
contact with tht' glass, has bi'cn studied. 
Hero one set of boundaiu's appear to he 
mainly due to the jucscnce ga.scs or water* 
vapoui on the glass surface. 'J’lie.se lia\e been 
cntrajiped by tlie growing crystals and have! 
foiined ininnti* channels in the surface at the 
crystal boundaiics. The second sot of bound- 
aries, however, ore of ay entiri'ly dilTi'rent 
nature;, hut tlicir ical mode of luigin, like 
I tliat of heat-relicfs in ceneral, is not fully 
! elucidated.^ 

(iv.) Poh'^h AU'icL — before leaving the 
Tui thods by whii h the niicrostrncture of a 
, s])ecimon of iiolishetl inidal can be re\caled, 
j rcferenc(‘ must he made to ceituin mechanical 
I means whereby this can be aci omjdished. In 
i connection with the polishing o))cratioris de- 
i M Tihcd a l ove, mention has been made of the 
process ol “ relief polishing ” whereby tlie 
liarder constituents are left standing up in 
ri'lief against their softer surroundings. As a 
rule this procc.ss is somewhat undesirable, 
since it generally furnishes specimens requiring 
uncliic dejith of focus and having rounded or 
vague outlines between adjacent constituents. 
In some eases, none the less, relief polishing 
furnishes one of the liest methods of dcwclojiing 
a strueture, hut, as a rule, it is aeeompanied 
by a small amount of ehemieal attack pro- 
duced by adding to the jiolishing medium a 
small projiortion of some mild etching reagent. 
This is the method of ” polish attack ” so 

* Rosenimln and Hmafrov, lioj/. Soc. Proc. A, 

1009, L\xxiH , and Iron and strH Inti. J., 1013, 1. ; 
llosenhain and Kw'cn, Inni. of Metalu ,/ , 1012, ii. ; 
Robin, liufletxn dr la d’ Encourngernent , Aug. 

1012 and March 1013. 

* Rcwcnhaln and Ewen, Institute of Metals J., 1012, 

II. xll. 

* Ewing and Roscnhaln, Soc. Phil. Trans. A, 
1900, 269. 
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succossfully pniotisod by Osmond ^ and othora | 
in the study f)f steel. This combination of I 
very gentle polishing and very mild chemical | 
action has the advantage of bringing up a | 
minute and delicate structure with special | 
clearness. It has the great disadvantage that i 
it is a very delic.ite process, in the course of | 
which a sfieisimen is easily .spoiled by the ! 
least lack of evtreme care. It is also some- | 
what slow and conifiaratividy uncertain, so 
that it is not widely practised at the present , 
lime. ! 

'I'ho structure of a reasonably ductile metal ' 
can, however, bo rove.iled or “ developed ” on 
a polished surface by the application of a 
slight amount of plastic stiain or deformation. 
'I'liiis if a piece of load is prcpansl with a 
blight surface -a.s,'for instance, by allowing it 
to cool from fusion in cimtact with a smooth 
polished surface, such as that of glass, mica, or 
even [Hilislu'd .steel -the microstructure o.in bo 
immediately developi'd by slightly bending the 
piec(‘ of lea<l backwards and forwards, leaWng 
it, at the end, as ni'aiiy Hat and straight as 
possible. As a ri'sult of the plastic strain 
applied to the metal the cry.stal boundaries 
arc revealed as black lines (seen under normal 
illumination), while thosurfae»>s of the cryst.iU 
themselves ani cross-hatched with innumerable 
slipbands. (See article on “ Mtdals, The Ri'Ia- 
tions of Strain and Structure.”) d’he ciystal 
structure thus revi^iled corresponds precisely 
with that which can bo developed on the same 
surface by etching it with dilute nitric aci<l. 
A similar clfi'ct can bo produced on a polished 
piece of iron or very mild steel, or in copper 
or brass. When a duplex, alloy is treati'd in 
this way, however, a somewhat dilfercnt clfcet 
is produeec^; the slip-bands within the crystals 
aix' not nearly so consfiieuous, while, on the 
other hand, the duplex stnu'tim^ of the alloy 
iK'comcs clearly evident by the dilTcronccs of 
level and of deformation which aiisc between 
two constituents wliioh generally differ widely 
in hardtu'ss. A typical example may bo found 
in the eutectic alloy of lead and tin, whoso 
very minute microstructurt‘ is most beautifully 
developed by the application of plastic .strain.^ 

§ (3) Mounting and bF.VKi.LiNU. — When a 
specimen has been satisfactorily polished and 
etched, the next sti^) in its preparation 
consists in so 'mounting it that it can bo 
eonvenietitly examinoii under the microscope. 
There is one ty|)o of motalliirgieal mien3Sco[)e 
for which it is claimed that no mounting of 
the specimens is i\*([uired, biA, if advantage 
is taken of that feature, the ilelieate ixdished 
and etched .surface of the specimen must bo 
alio well to rt‘st u^Km a glass or metul surface 
of the microscope, and for many purposes this 

* Osmoiul, fJtude dfs aiiiages, 1901, p. 277. 

' Ewing and Hoseulialu, ijoy. Soc. Phil, Trans. A, 
1899, 249. 


is not admissible. For the majority of micro- 
8co|K}s it is essential that the specimen shoulij 
bo mounted on a Hat slip of glass, wood, or 
metil in such a way that the polished and 
etchcil surface is parallel to the underside of 
the .slip. Such mounting may bo effected in 
many ways, ranging from the roughest 
adjustment by unaided hand and eye to 
careful instrumental wdting. As a rule the 
specimens will not be jilanc-parallel slices, 
since thi'ir ])r(>i>aration in that form involves 
a eimsidcrable amount of needless labour. 
VV'hcn the underside of the specimen is rough, 
howevi'f, it is eoriveriient to attach it to the 
mounting-slip (usually of glass) by means of 
some soft, plastic material in which the 
specimen may be bedded and then adjusted 
into it.s proper jmsition. Soft wax or “ plasti- 
ciiu! ” IS now ' very widely ein])l(\>ed, but 
plaster of Paris of faiily slow-setting variety, 
or ('ven scalmg-wax, kept temporarily warm 
and soft, may be employed. For the jiurjiose 
of aiding the operator in .setting the prepared 
surface of the specimen truly parallel to the 
imdcrfiico of the mounting - slip, numerous 
mechanical devices have been projioscd ami 
cnijiloyed. One simple method consists in 
the use of two })ieccs of mi'tal of exactly 
eipial thickm^ss, or the two may be combined 
into a single ring or short section of tube, 
cut with ])aral]cl ends, A selection of such 
pii'ccs, of varying tliickncss to corresjumd to 
sjK'cimcns of varying thicknesses, must be 
jirovided. For the mounting operation the 
.specimen is placed face dowaiward on a flat 
plate of glass or metal, and the ring, of suitable 
diameter and height, is placed around it. Jf 
separate ])icces of metal are usi'd, one fs plained 
on citlier side of the specimen. A small 
jjicco of soft wax or similar mounting material 
i.s then placed on a mounting-slip (usually a 
glass inicrosoopo slide), and the slip, with the 
wax dowuwan.!, is laid across the ring or the 
tw# pieces of metal lying on either side of the 
siiocimen. Tiie whole very simple arrange- 
ment i.s shown in the diagram, Fig. 1, whore S 



Fio. 1. 


is the spocimon, P is the flat plate, R, R the 
ring or metal slips, M the mounting-slip, and 
W the wax. It will be seen that if M is pressed 
steadily down, causing the specimen to embed 
itself in the wax, until M lies upon RR, then 
the prepared surface of S, in contact with the 
plate P, will be parallel to the faUe of M in 
contact with the distance-pieces or ring R, 
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provided that R is accurately cut with parallel 
ends. The desired parallelism is, of course, 
with the other surface of M (shown up|)crmo8t 
in Fig. 1), since it is that surface which comes 
into contact with the stage of the inieroscojie. 
Care is therefore required to select mounting- 
slips having parallel surfaces, and since 
glass slips for this purpose are rarely even 
approximately flat, this is a distinct difficulty. 
The method is, at best, imt very perfect, and 
if used without the greatest care is liable to 
cause damage to the prepan^d surfaces of 
specimens, and to mount them at slight anglc.s, 
owing to the accidental presence of minute 
paitiele^ of fonign matter on one or other of 
the surfaces which are intended to lie set 
parallel. 

In order, mainly, to avoid these difficulties, 
and also to provide means ^ur much more 
accurately level mounting, a small optical 
levelling device has been designed for use at 
the National Physical Laboratory.^ In this 
device, which is diagnmmaticall,v illustrated 
in Fig. 2, light from a small source at S is 



reflected downward by a transparent plane- 
parallel glass reflector R, w Inch forms jiart of 
a small autocollimating telescojie. The re- 
flected light leaves the objective 0 as an 
appreximately parallel beam which falls at 
right angles upon a reflecting surface M, 
whence it is returned into the t<‘lescoi>e and 
brought to a focus at F, where the image of 
the source S is seen against a cross-wire in an 
eyepiece. If now any other reflecting surface 
L is interposed, and this surface is scf set that 
the image of S again falls ^n the cross- wire 
in the eyepiece, it follows that, to a high 
degree of aecuracy, L is parallel to M. In 
practice M is the silvered underside of a piece 

* Rosenhain, Imt. Metals J., 1916, 1. 


of plate glass carefully selected so os to have 
plane parallel faces. The preimrod specimen 
of metal is liist rtiughly mounted by hand and 
eye iwljustment, on a suitable mounting-slip, 
and this is placeii ujion the upper surface of 
the glass jdato ju.st mentioned. The sjHH'imen 
i.s then atljustixl witli the tingers until the 
imago rcllocted from the i>olishiHl metal 
surface again f.iils upon the cross-wire, when 
tlio sjK^eimen will be a<*eurately levelled. This 
o[)eration oeeupu's literally only a few seconds. 
Most .specimens, even when, otchoil, give a 
surtieiently bright relh'clion to allow' of fairly 
good setting, although a really sharp imago 
i.s not often obtained. Where more peifcct 
setting is desiretl a very thin slip c»f glass, 
or even mica, may be drop[»ed gently upon the 
jircpared surface of the speebiu'U, when a very 
good ri'lleebsl image is immedi.itely obtained. 
It will be seen that, apart from the refmemeut 
of .setting jii.st mentioned, this method ofr 
levelling avoids all handling of the jiolishcd 
surface and sets the sjiei'irnen truly jiarallel 
to the undemidc of the mounting-slip. The 
device has been embodied in a very simple 
and .sturdy imstrument. 

§ (4) lbuc.si':KVATioN of Si’UciMKNS. — Tho 
preseivation of specimens of metal prepared 
for microscopic examination is a matter of 
considerable diffleiilty, and for the majority 
of purposes it is geneially found sufficient to 
prejiaro a record by photomicrography, and 
if subseifuent re-ex amin at fim is required to 
ri'polish and etch the s])ecimen. Methods of 
more or less permanent preservation have 
been tried by various w’orkers, one of the best 
lacing to coat the sjiecimens with a thin layer 
of transparent varnish. Such a varnish 
may consist of celluloid or collodion dissolved 
in ether or in amyl acetate. Prererably tho 
whole specimen is dip])ed in tho varnish and 
then allowed to drain. Jf tho thickness of tho 
residual ci iting is cornnilly adjusted, the 
Hjiecimen can be examined under the micro- 
scope, even with high magnifications, without 
appreciable loss of definition resulting from 
the presence of the coat of vaniish. Too thick 
a coat of varnisli, however, is very liable to 
peel off or to allow air to jicnetrate between 
varnish and metal, while too thin a coating 
shows the bright colours of Newton’s rings. 
There is the further difficulty, which apjilies 
to all methods of preserving polisiiod and 
etched metal surfaces, that it is essential to 
remove all traces of tho etching reagent 
which has beer employed in the preparation 
of tho specimen. This is a matter of very 
considerable difficulty. The usual procedure 
is to rinse the etching reagent off with a 
stream of either water or alcohol, according to 
the solvent in which the reagent has been 
applied, and to follow this with a more copious 
stream of alcohol as free from water as possible 
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(■‘ absoliito alcohol ”). This, in turn, is often 
followed by a jot of ether, after which the 
HIK'cimen is allowe<l to dry in the air or its 
drying may be accelerated by the use of a 
(Mil rent of warm air. If tlu' etching reagent 
and its products of re-aetion have been 
remov(‘d, and furtfier contamination of the ! 
liquids used has been avoided, the specimen ! 
thus trc.iti'd dries with a perfectly clean | 
Hiii'faec. I'jlher, howawm', is extremely apt l 
to In'come faintly contaminated with greasy I 
matter probalily indirectly derived fioin the ' 
hands of the operator, and will in that case i 
leave a thin iridescent him behind. For this 
reason, wasliing with ether is often omitted 
and the spcciimui diicd after washing with 
aleoliol, the drying being aided by very gentle 
wiping with a jioi^ectly clean soft linen cloth. 
Fven when the washing has been very care- 
fully done, it fre([U(nitly hajipens that peculiar 
marks and j)atehes appear some little time 
later. I’his is p.uticul.nly liable to t>ceur 
where the specimen contains lissures or 
cavities (d any land, from which it is almost 
impo.ssible to remove traces of etching 
jiroduets. 'J'heso afterwuirds “creep” out 
upon the Hurhice by cepillary action, ami thus 
form disligurmg marks. Under a varnish 
coating t he.se generally h*ad to the destruction ' 
of the coating. | 

Another method of protecting prejiared ! 
metal specimens is to mount them on glass i 
slips in a fashion*similar to that employed I 
by liiologieal w'oikers for their seetion-s. For ' 
this puiqioso a ling is placed round the | 
specimen, which must be cut thin and tlat, and j 
a niicro-cover-gdass is cemented over this ring, [ 
thus enclosing the specimen in a gas-tight ' 
cell. This involves the examination of the j 
specimen l^irougli a cover-glass, and unle.ss 
the glass is mounted, by means of Canada 
balsam, in optical contact with the metal ; 
sui-faee the u.se of high -power immersion ' 
objectives is rendered imiKissible. Tlu' avoid- j 
anee of cover-gla.sscs is eminently de.siiablo j 
from the [mint of view of obtaining the best j 
microscopic vision. ; 

An alternative means of preserving 8[)eci- I 
mens of most metals consists in immersing , 
them in a bath of mineral oil or smearing 
them thickly with [mrt^ vaseline or other fatty ' 
substance. Care must be taken to ensure tlio j 
fri'edom^of the oil or grease used from all j 
mineral and fatty acids, but if this [irecaution 
is taken, speeimens will kee[) for a very long J 
time when thus treated. Unfortunately the , 
proeess of removing the oil or grease and | 
cleaning the surface is somewhat troublesome, 
and after several repetitions the surface is 
aj)t to become increasingly scratched, so that ; 
repolishing becomes essential almost as soon i 
as if a less perfect means of preventing I 
corrosion had been used. In the case of iron I 


and steel speeimens, an alternative method 
consists in immoreion in a strong solution of 
chromic acid. This renders the iron chemic- 
ally “ passive ” and no corrosion occurs, 
while the chromic acid solution is easily 
washed away with water and alcohol. The 
siH'cirnen thus treated may then be freely 
exposed, since the passive state of the iron 
continues for some time, particularly if the 
surface i.s not scratched o'* rubbed. 

For most laboratory purpo.scs, where pre- 
servation of the s])ecimcns is only required 
for the time dining which the jiaiticular 
investigation may last, it is n.sually found 
sufficient to store the [ireji.iK'd s[)eeimcn8, as 
mounted on their glass slips, in an ordinary 
largo dessicator, such as is used by analytu-al 
chemists, the lower portion of tlie de.s.sicator 
b(‘ing filled wiUi soda-linie. This maintains 
a dry atmospliero free from carbon dioxide 
in I hi* dc.s.sicator, and if tliis is not opened too 
often, the sjiecimens are thereby adequately 
[uoti'cteil from corrosioy. 

§ (b) SrEC'iVL Sections. — When it is neces- 
sary to |)rep<irc sections for muroscopical 
examination from certain objects of special 
shape, dilliciiltie.s aie encountered which can 
only be overcome by s[)ecial methods. 'J'hc 
most frequent ease of this kind arisi's when it 
is desired to examino the transverse section 
of a very thin object sneb as a thin sheet of 
metal or a line wiic. Such a section presents 
too small a suifuce to lend itself to grinding 
and jiolislnng in the ordinary way. Not only 
is the object inconvenient to handle and liable 
to cut or otherwise damage the emery jiapers 
and polishing jiads, but owing to the small 
area of contact it becomes extremely ditlicult 
to hold the specimen in a constant position 
and consequently the surface tends to become 
soiiously rounded. In the case of sheet 
metal this dillieulty can be oveiconie in a 
variety of ways. One simple method is to 
clamp a number of small [lieces of the sheet 
to*ljo sectioned tightly together by means of 
small lM)lts or rivets, and then to cut a section 
through the pile of pieces thus formed. If the 
material is very thin, it may be inconvenient 
to clamp together a sufficient number to make 
up a reasonable thickness, such as three 
millimetres. In that ease it is preferable to 
clamp a few thicknesses of the thin sheet 
under examination between two thicker [lieces 
of metal, using for these suppoi-ts a material 
having about the same hardness as that under 
examination. The whole compound mass can 
then be ground and polished like a single piece 
of metal In the etching process, however, 
ilifficidties may erise, partly freni the fact 
that the supporting metal may interfere with 
etching by acting as an electrochemical 
protection— OvS when cojijier and steel are used 
together— or it may bo found that the etching 
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solution penetrates l)ctween the layers of 
thin sheets and eauses trouble in subaenucnt 
washinjf. Where this is the case the be^t 
remedy is to separate the pieces before ctcliing, 
but this makes any sulisequent rcjiolishinf; very 
diftieult, and also tenders mounting and level- 
ling very awkward. 

In th(! case of thin wires, the difiieulty can 
be overcome by diawing them througlt a line 
hole in a small piece of metal of similar 
hardiU'ss, the hole being drilled so as to make 
the wire a tight lit at one end, but with the 
other end of the hole rather larger. Where 
the wire can safely be ex])osed to a temjiera- 
turo of 100^ (' , it may lx* enilxxlded in a small 
mass of Wood’s fusible alloy, but it must bo 
borne in mind that this alloy does not leadily 
“ tin ” tlu' Huiface of other metals, so that a 
really good joint is not obtaiiH'Ll. 

Another ease reipnrmg \eTy 8[H‘eial tii'at- 
ment is that of a section in which the 
examination of the miero^trueturo at one of 
the e.vtn'im' edires of t^ie specimen i.s necc.ssaiy. 
This is the case wheie it is di'siied to study 
a transverse section of a fiaetnn' or a section 
at right angles to some siiifaee feat me which 
has bi'eri observed on a pieviously jneji.ued 
specinK'ti. Tor rougher purposes, embedding m 
fusible alloy may be ('iiiploved, but wdicre an 
accurate section of <in edge is reipnretl, more 
refined method.s must be employed. The 
device has therefore been used,^ with great 
success, of fust coating the oiiginal suifaee 
of the fr.u'tiire or of the specimen with a 
depo.sit of elcctiolytie copper which can. by 
suitable nuMiis, be caused to make a jM'rfcet 
junction s\ith sti'cl or other metals, h'or 
tins purjiose, commencing with a jicrfectly 
clean surface, a veiy thin layer of eojiper is 
laid down on the specimen from an electrolytic 
bath in which a cyanide eleetrolyb' is used. 
The SjK'eimeii is then rapidly tiansferred to 
the ordinal y aiml hath and (he deposit of 
co])j)(‘r thickened to the <lt‘sired cxtisit — a 
layer two or thiee nnlliinetres thick is gemuftlly 
ample. The (ompound mass can then be cut, 
ground, and polished witliout the sliglitest 
risk of damage to the edge of the spi'eiinen 
which is protected by the copper, which not 
only places it Ix'yond the reach of mechanical 
injury, but also prevents the rounding off 
which is aj)t to oe-eur close to the e<lge of an 
ordinary siieeimon. Some little care is, 
however, rdpiired to prevent erosion if a steel 
specimen embedded in eopjier is under prepara- 
tion. Owing to the softness of the cop|>er a 
marked difference of level is liable to lie 
dovelojwl, but by careful w'ork, avrfJding the 
use of soft polishing pads,* this can be kejit 
dowm HO low that the slight lowering of the 
level of the steel which subsequently occurs 
during etching erpialises the surfaces. A 
* Rosenhaln, Roy, Soc. Proc., 1006, Ixxlv, 


further precaution, however, is required. 
Some snrftwe (low always occurs during 
polishing, and the actual boundary betwi'cn 
ihc two metals - steel anil eojiper, for instance 
—is apt to lie bliirieel in this way, and must 
lie cleaied by snb.Heijuent etching. In that 
caw, however, it is essential that (he polishing 
should have been earru'd out in .such a manner 
that tin re h ’hm'II a ii'iideney for the steel to 
How over tile enppt'i rather than nre versa. 
The reason is (lal whili‘ a Ihm layer of steel 
is renioveil during etching, eopjier in contact 
with steel cannot he so removed. Jty the 
careful use of this method it has lieen jiossihlo 
to .show, in section, minute surface irregulaiities 
whose dimensions are of the order of a wave- 
length of sodium light. 

((>) Tiik Mktvt r.i'imii'AL Mii'RosiairK. — 
The general (heoiy and eon (ruction of tho 
microscope are dealt with in tho article^ on 
(he optics of the instrument, so that in tly^ 
jiiesent coiineelion it is only necessary to 
consider those matters in reg.ird to whieli tlio 
metallurgical mioroseope differs from the more 
gi'iieral forms of the instrument. I'hi'se 
dilTi'renees aiisc almost ontiiely from tho 
fact that tho specimens to ho examined in 
metallurgical work an^ always opaque, and 
have therefori' to be examined under le- 
lleeted instejul of traiisnnttA'd light, while 
none the le.ss the highest available ri'solving 
poweis and magmiications are frequently 
required. It follows at (Mice that the whole 
of the substage of the ordinary microscope is 
not reqiiiied, being re[)Iaeed by what is 
usually termed a “vertical illuminator,” 
whereby light is thrown down ujion (ho snrfaeo 
of the Sficeirnen through the objective it.self. 
'I'lns form of illumination makes ei'rtain 
demands upon the mechanical vonstnietion 
of the iiistnimi'iit, and these ati‘ respiuisihlo 
for the diffeienees which exist hi'tween tho 
ordinarv mii roseope and the rnoio usual forms 
of inetallurLMcal nistriirnent. There is, how'- 
evor, a special tyjie of metallurgical rniiToscojio 
which departs radically from the ordinary 
ty)>e, hut it is at least doubtful whether the 
result is advantageous. 

In view' of their importance In regard to 
the design and eonstruction of the metal- 
lurgical microsoojie, it is desirable, in the first 
instance, to consider the methods employed 
for the illumination of opaque metal ^ecimens. 
Two mode.s of illumination are possirile, at all 
events with tho lower magriifiealions. The 
simple.st is the employment of ordinary 
oblique lighting, such as is used for tho exam- 
ination of moderately large objects under low' 
powers. ITere a Ix^arn of light, derived from 
a suitably filaeisl lamp, generally by the aid 
of a condenser, falls obliquely on the sjiceimcn. 

* Ihirl. 

* SfSJ “ Mien'seope, Optica of the,” Vol. IV 
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SornetimoH the light is further concentrated on 
the Hurfuco under examination by means of a 
f)aral)olie reflector carried on tho microscope 
itself. Tliis method of illumination is limited 
in its a|)j)lii!<ihility by tlu! fact that it requires 
an a])jiteei.il)l(! frer'-working distance b(*tween 
tho ol)je(divo of tho microseopo and tho 
speeinnui With huises up tj 8 mm. focal 
length this distance is reasonably sidlieient, 
but for higher j)owers with lesser working 
distances the obli(|im beam must bo thrown 
upon tho 8j)eeimen at so large an angle of 
incidence that it gives very littlo light and 
also s<u’veH for little beyond throwing into 
relief the imperfections of tho surface. For 
visual j)urposes, therefore, (d)hi{ue light cannot 
bo usefully employed with magnifications 
much higher than iifX) or 300 diameters, unless 
these aro obtaineil with unduly low'-powor 
ohjoctives of very low ro.solving pow<>r. 
Within this limitation, however, then' can bo 
no doubt as to tho value <»f obli(juo light 
oxamirialion. It brings out, in the first place, 
thoofTectof “ oriented lusfre ” described above, 
and servos generally to show tho relief ofTeels 
of tho surface. Provided that care is taken 
to interpret the appearances correctly, it 
affords information as to what aro pits or 
hollows and what aro raised areas or mounds. 
Por some of these i)urj»os<‘s, however, a diffuse 
beam of obli([uo light from an ordinary lamp 
and condenser, and still less the wide-angle 
beam from a [laral/olic reflector, are entirely 
useless, since it is not easy to bo sure from 
w hat direction any particular shadow may be 
thrown. An ajiproximati'ly parallel beam of 
light gives much less satisfactoiy effects so 
far as general appoi^ranccs aro concerned, 
but allows of exact interpretation. For this 
purpose, however, it is essential that tho angle 
of incideiioe of tho licam should bo variable 
at will, at all ovimts in tho azimuth of tho 
surface under examination. This can be 
socuri'd in a crude manner by moving tho 
source of light, but it is far more satisfactory 
to have tho microscope equipped with a 
rotating stage, tho rotation being so arranged 
that a complete revolution can be made, and 
that tho axis of rotation can bo made con- 
eontric w ith tho optical axis of the microscojie. 
These latter ri'quiromet\ts are, of course, only 
met by instruments of the highest class. 
When a auitable etched specimen of metal is 
rotated under a unidirectional beam of oblique 
light, very striking effects aro often observed, 
and these have formed the subject for an 
effective uso of cinema - photography. For 
visual purposes the value of this method of 
examination can be further increased very 
oonsiderably by employing simultaneously 
several unidirectional beams of oblique light 
brilliantly coloured by passing through suitable 
coloured glass or gelatine filters. By this 


means it is easy to demonstrate the nature of 
surface markings. Thus a ridge, as at (a) 
in Fif/. 3, is readily distinguished from a step, 
such as that at (/>) in the same figure. Kays 
of red light coming from tho right, os at KR, 
strike the right-hand slopes of both (a) and 
(6), which thus appear as red bands ; on the 
other hand, green light coming from tho left 
illuminates tho left-hand slope of (a), as at 
(1, but does not illumin'^to any portion of 
(6), and when tho specimen is rotated through 
180°, the reverse effect is obtained. Op- 
portunities for tho enijiloymcnt of oblique 
lighting on these lines frequently occur in 
metallurgical work, but unfortunately those 
methods havi« been somowdiat neglected. 

Tiio method of “ vertical ” or, as it is more 
correctly termed “ normal ” illumination, 



lending itself to u.sc with all magnifications, 
and giving images which ajipcar to be much 
clotarer and simi>lcr than those obtained with 
oblique light, is much nioro widely employed, 
and may be rcgaidcd as tho usual method of 
illuminating metal siiccimens. This kind of 
lighting is obtained by ])lacing behind the 
objective of tho microscope, ?.c. at some point 
botw'cen tho objective and tho eyepiece, some 
foim of rcllector. Many types of rcllcctor aro 
used, but in jirinciplo they resolve themselves 
into two kinds, viz. those which aro more or 
loss transparent nml cov’or the entire aperture 
of tho objective, and those which aro opaque 
and cover only half or less than lialf of the 
objective ojiening. 3’ho two types are dia- 
grammatically indicated in Fiff. 4 (a) and (6). 
Ty{?o (a ) — the transparent reflector — has tho 
advantage that by its aid perfectly central 
illumination of tho specimen can be achieved. 
On the other hand, of tho light incident upon 
tho reflector not more than about 15 per cent 
is reflected downward through the objective, 
wliile of the residue w hich is returned upward 
from the illuminated surface through tho 
objective, another 15 per cent is reflected 
outward and lost to the image. A powerful 
source of light is therefore required in order 
to obtain a bright image with tins type of 
illuminator, particularly wliero focussing for 
photographic purposes is necessary. This 
wasteful use of light has the disadvantage that 
scattered light, and undesirable reflections, 
tend to render tho image slightly milky. 
There is the further difficulty that the rays 
forming the image have to pass through the 
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reflector. Thiaiafrequently made of extremely , 
thin glass, such as that used for microscope ' 
cover -slips, and its very small thickness | 
renders it relatively harmless from the I 
optical point of view. For the very best 
work, however, a slight loas of definition due ! 
to this cause cannot be ignored. J 

Type (6)— the opmjue half-field reflector - ; 
overcomes most of the disadvantages of typo 
(a), hut i)os8essos two imp«)rtant limitations, j 
In the first place, perfectly central illumina- j 
tion cannot bo obtained, since at best the cone j 
of rays emerging from the objective, to fall i 
on the specimen, can come only from one-half ! 
of the objective. If there are minute differ- 
ences of level on the etched surface, slight | 
shadows may therefore bo thrown. Tin' 
existence and extent of these can, however, i 
be readily ascertained by rotating (he specimen j 
under observation. As a rule there is tio i 
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visible change in the imago. In the second 
place, while the image-forming rays do not 
pass through any distorting medium, however 
thin, thoy are limited to a semidrcular or D 
section. This has a very marked effect on 
the resolving power of the objective, since i^.s 
effective aperture at right angles to the cnlge 
of the J) is only ono-half of its normal aperture. 
Whore specimens are examined which exhibit 
fine laminated markings lying near the limit 
of resolution, the effect is exhibited in a 
striking manner if the specimen is rotated. 
When the laminations lie at right angles to 
the edge of the illuminator they are clearly 
resolved, but when placed parallel to that 
edge they merge into a slightly mottled patch. 
This is one of many instances in metallurgical 
work where the question of resolving power 
must be very carefully taken into account in 
the interpretation of observations. 

The reflector, whether of *the transparent 
or of the opaque half -field tyjie, together with 
the fitting in which it is carried, is usually 
termed a “ vertical illuminator.” In its 
earlier and simpler fo^ such a fitting was 
fOL. V 


intended for little more than a temi>orary 
means of adapting any ordinary micrt)8cope 
hr use with vertical illumination and the 
ox.iminjftion of opaque sections. It consisted 
therefoj-e (.f a short cxtensi<*n to bi^ screwed 
on t< the lowei end of the Iwdy-tube of the 
microacojK^ between that tube and the ob- 
jective. Tins form ( f fitting is still in ex- 
tensive use, even with microscopes specially 
designed for i-ietallurgienl work. It is 
subject 1(* .sevei.d serious disadvantages: in 
the first place, it constitutes an additional 
j«»int in the body of the microscope and thus 
introduces an elcmient of unsteadiness. This 
IS particularly tlic case because in the majority 
(»f instances the illuminator fitting is made 
capable of n»tation in order to allow it to be 
used with light coming fioni any desired 
dircetictii. It will be seen that such a fitting 
adds an HfqiKH-iablc element to the dillieultios 
of centring the objective and the rotating* 
stjige. A further rlisadvantage of the ” screw- 
on ” illinmnator is that it haigthons the body- 
tube of the mieroseope, and may make it 
difficult to adjust the length of the optical 
requirements of the huises used if these are 
designed for the short body-tul)e. Finally, 
such a fitting is necessarily small and com- 
I ])ui'ativcJy light, with flic result that, as a rule, 
j no adju.stmcnt of an\ kind is provided beyond 
I the mere jiowcr of rotating the reflector about 
j its horizontal axis. Tlu' absence of facilities 
for moving tlu- rcflcoror in the plane at right 
j angles to the ojitic axis so as to centre or 
I otherwise adjust the illumination, and fur 
raising or lowering the relieetor along the 
1 opti<* axi.s of th(‘ mieroseope, [irovcs a serious 
I liindranee where the best kind of w'ork is to 
I 1)0 done. In some of the Inter instruments 
specially designed for metallurgical work, 
therefore, the illuminator has boon constructed 
as an integral pait of the microscojie body- 
tube, or lather the reflector is inserted into 
the microscope in much the same way as 
various lonsc.s and other fittings are inserted 
into the tula; of a good ixitrological microscope. 
In this way the rapid interchange of various 
reflectors becomes possible without disturbing 
the focus or the field of view of the objective, 
and adequate adjusting movements for the 
reflector can l)e easily ' provided. The only 
disadvantage seems to lie in the fact that the 
illuminator can no longer be rotated, rfhd that, 
therefore, the source of light must always be 
placed in one of three definite positions ; in 
practice, however, this proves no source of 
inconvenience. This arrangement of illu- 
minator forms an essential part of the special 
type of metallurgical microscope (Rosenhain 
microscope) described and illustrated below. 

In all types of such illuminators the actual 
reflectors may be of various types. For the 
” transparent ” typo it is most usual to employ 

2o 
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fi, Htnall micro-novor^UiHS, as thin and Hat a 
hoin^ used as can he obtained. 
With a view to improviriK the definition 
oiitairit'd with this typo of rcllcctor. atU*mpts 
have hoeri in.ido to imo optiially worketl, 
plane- pai'allel pieces (»f thin glass, but it is 
douhtfid whetlK^r the ncejssarily groator 
thickness of such jdates docs not outweigh 
the advantage of tlieir more jaTfect surface. 
In order to inereaso the amount of light 
available for the image with this typo of 
retlector, attemjits havr^ also been made to 
use refleetors which havt^ lM>en jiartially 
silvered or platinised in ordfu* to increase the 
propoition of reflected light t(» something like 
no per cent of the incident light. Increased 
brightness has been obtained m this way. 
but unfortunatcl'y the definition of the image 
and its crispness of contrast suffer very 
appreciably. Ilciha-tors of tlu^ half -field, 
*opai|U<« type were finst introduced by Zeiss, 
who still employs a small totally reflecting 
prism 'rids givi'S excellent results, but the 
bulk of the piisni nnikes it unsuitable for use 
w}i(U‘(< considerable latitude of adjustment is 
desired. A seniiciieiilnr slip (tf thin glass, 
W(dl silvered on the back, gives very neaily 
as much light as the fuism, and is lighter 
and occupies less spa«'e. 

In regard to the production of satisfactory 
“ normal ” or “ vertical ” illuminati<m, it is 
next necessary to^ consider tlu' source of light 
and the optical system, if any, to be employed 
outside the microscope'. A gre'at variety of 
illuminants and optical systems have bee'U 
used, but in ivgard to the' majoiity of tliein 
it may be said at one*e that tlie'V fail to re- 
cognise some' of the' siiuph'st fundaine'iital 
princi|)l('s whiedi govern mi<‘roscopic illumina- 
tion. Thanks to the' spe'ciid conditions of 
work with neirmal illumination, it is possible 
to obtain the most satisfai'tory re'sults lny an 
extre'inely simple inedhod, reejuiiing m> optical 
syste'in whatever outside the microscope' itself. 
This system is baseel upon a jirincipio which 
has e)ften been ternu'd, s»>mcwhat loosely, that 
eif “ critical illumination ” ; it re'afiy dcpemels 
upon the fevet, well cst.iblished by obse'rva- 
tion, even if its thoore'tical ba.sis is not uni- 
versally acce'jiti'el, that extremely satisfactory 
illumination, alhjwing of the best utilisation of 
lenses eif large numerical aperture, is obtained 
when at sharply focusseel achremiatie, (or even 
apochronmtic) image of a uniform sources of 
light is thrown U]Hm the surface umlor examina- 
tion. When thus illumimued, the surface 
under examination may bo regarded, for 
purposes of optical theory, as self-luminous ; 
i.e. each point of the object radiates light 
waves having no necessary or regular phase 
relationship with the waves emanating from 
adjacent or other points. 

With a vortical illuminator it is particularly 


ea.sy to obtain sueli illumination, which may, 
perhaps, he tenned “ focussed lighting.” 
Apart from the intervention of the field-lens 
of the eyeiuece, the microscope objective 
forms a real imago of the object, when in 
focus, near the upper end of the tube at a 
distance which is rcaihly ascertained. If, at 
this distance fioin the objective, a luminous 
source IS placed, the objective will form a 
.small but very bright iinagi' of that source in 
sharp focus on tlie surf.ice of the object (the 
metal sjxsimen). Proviiled that the source 
has a uniformly illuminated surface as largo 
as, or slightly larger than, the area occupied 
by the jirirnary magnified image formed by the 
olijeetive, then the whole area of the specimen 
corresponding it) that image W'ill bo covered 
by the uniformly bright and sharp imago of 
the sourct'. It is, of eourso, obvuously 
impossible to place the source of light in the 
a<’tind b.ick-fociiM of the objective, but if 
it is jilaced at one side, ojiposite the reflector 
of the vertical illumihator, and at a distance 
from that rotleetor enual tt) the distance from 
that H'llector to the imago formed by the 
objective at the eyepiece end of the instru- 
ment, the same ojitical conditions will l>e 
realised. The wbok' arrangement will bo 
readily understood from the diagram of 
Fig. 5 (a), where 1 is the real magnified imago 
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' formed by the objective at a distance d from 
I the reflector K, and S is the sourcj of light 
' placed at a distance D from R equal to d. 
i 'J’he only conditions necessary for the successful 
use of this system of illumination are that S 
shall lie placed at approximately the right 
distance, and that the source shall be suffi- 
ciently largo and uniformly bright, while it 
must qIso l>e free fnmv even minute detail 
w hich would otherwise be superposed on the 
imago. Thus itn incandescent gas mantle 
by itself, or an electric filament lamp, would 
be equally unsuitable. Either of these sources, 
however, is quite satisfactory if employed to 
illuminate a piece of thin opal glass, which 
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then becomes the acting source of light and j 
must its<df be placwl at S. C round glass, ' 
although it trimsniita more light, is not 
usually of sullieiently line grain. The correct I 
position *►!' S is readily found by hand adjust- j 
inent ; a small temporary mark is made on ! 
the opal glass, for instance, and this is moved 
ab<nit until this mark appears sharjdy in ' 
foeu.s at the same time as some light-coloui'ed ' 
8|H!cimea of metal viewed through the eyepiece. ' 
The temporary mark can then be removed 
and the position of S marked or otheruise 
fixed. A convenient method is to mount , 
the source of light in a suitable e.ising or ' 
“ lamp ’ provided with a tube, an inch or so j 
in diameter, along which the light paases to j 
the ilUimmator .ipm-ture of the microscoiie. [ 
If this til lx* is made of such a length that S i 
is in the light position wher the end of the | 
tube IS just out of contact with the side of j 
the microsciopi* tube, the whole aiiangement 
becomes extiemely simple and ca.sy to sc't I 
u|) or to reset if (In. irbc(l. It will be seen | 
that with tins system there are no ojilical j 
parts outside the microscope itself ; the only , 
a^lditional iitting which is desirable is the 
provision of a stop, best in the form of an iris 
diaphragm at the illuiiiinator ajK'rture. The 
use of a stop at this point furnishes the most 
satisfaetory method of ‘'stopping down” for j 
use with this system of foeusstsl lighting. As j 
a ride, the objective can bo u.sed with lcs.s | 
stopping-down wlum this method of lighting I 
IS used than with other arrangememts. ; 

Th(‘ only real limit, ition to the use of this i 
type of illumination lies in the fact th.it it is i 
not as yet jiossible to obtain veiy intense > 
soiiiccs of light which ,ue sulbcicntly laigc ; 
and uniform in hiightness t<> Ik‘ used in this 
manner. I’or all visii.d work the brightne.s.s 
of imago oht.iinahle with a thin o[>ul shade 
lighted by a good ineande.scent lamp is ainjily 
jidisjLiate. For photograjiliy, however, and 
particularly for the aeimrute focussing of J,he 
image* when high magrutic.vtion and compara- 
tively small aiieituio are einploywi, much more 
light i.s required. The tungsten-are lamp i 
(known a.s the ” Pointolite ” lamp) recently 
introduced affords a bright area of moderate 
sizi', but even the largest of these lamps arc 
not yet largo enough to bo employed directly. 
This lUliieulty c<in Ixj overcome to a certain 
extent by using in place of the actual source 
of light at S a magiufiod image of the source 
formed at S by means of a suitable optical 
system. In that case, however, the intensity j 
of the source of light is considerably; reduced, 
and the arrangement does not give sufficient 
light with the pros(>nt tyjiffs of “ Pointolite ” 
lamps. 

Theoretically, an alternative method of i 
illumination, which should also be satisfactory', 
would consist in placing a jwwerful point- ■ 


soui'cL of light ivt a jKiint I* {Fig. 5 (6)), so relat-od 
to the objective iis to correspond to its cijuiva- 
leiit })iimipal focus. Neglecting the aberra- 
tn'iis of the lens sysUin when u.sed in this 
way, the objintive should then emit a beam 
of ptrallel light f illing upon th<* surface of 
the specimen. A'liially, tlu* lens is not de- 
signed to gui* a ]»arallcl beam in such circum- 
stances, nor can a poiiu sou ice be dsed. What 
is done is to fo( is a sluirp image of a very 
blight source of light iijion a point P' just 
out.side the illuminator apeitiire and ajiproxi- 
mately at an equivalent distaiue to the point 
P. In this way a M‘iy large amount of light 
cun be sent through the binall illuminator 
a|vrture (usually restiklod by an ins dia- 
phragm), ami this foims a veiy laight patiih 
on the siiiface of the speci- leii. This form of 
lighting, howe\er, is alway.s imui* or h'ss 
troublesome. With an arc lamp it icipiiics 
sonu‘what elaborate (ondensing arrangement#, 
while the lu'at-rays rcijuiic to be absorlnsl 
by means of a suitable tank. The woist 
ineonveiiiences aiisi* fioin the fact that, owing 
to the exalt focussing of llic image of the are 
on the illuminator aperture, any .slight shift 
of the aie is apt to disturb the whole ligliting 
arrangement. 'I'lieie is also some consideiablo 
diffienlty in securing really uniform hiightness 
o\er the whole Held, and lu avoiding the 
piesencc of enlouied bands, arising fjoin tlie 
fact that the laig<* condensing lenses which 
form the ini.ige of Hie iftc are usually non- 
achromatie. For \isual purjioses, however, 
lhe.se dilVuulties largely disajqiear, .sinee it is 
siirticient to focus the imago of c\cn a small 
oil-lamp ujioii the illuminator apeitiuv by 
me.uis oi a small aihriynatic stand-condciiser 
to obtain ii.i.soimbly good lighting. 

In contU'clion with vcilieal Illumination, 
mention m.iy bo made of some further special 
devices. Some of these* servo to embody 
the entn.' illuminating ajqiaratus with the 
nneroscojie itself. 'I'his has been done, for 
instance, in a simple form of workshop 
metallurgical microscope designed by St<*a(l, 
in whii'h a minute (lectric - lamp bulb is 
attached to the microscope ojqiosile the 
reflector of the illuminator. A more elaborate 
device of the same kind, iii which a special 
system of condensing lenses is included, is 
the Watsoii-C’onrady illuminator. A mure 
original device is one recently put ^irward in 
America. Here the illumination is, strictly 
sjxjaking, oblique in the si-nse that the light 
does not pasi- through tlie obji*ctive before 
reaching the siiecimen. The source of light, 
how'ever, is a very small annular electric 
filament lamp placed immediately surrounding 
the ohjoctivo. Tills lamp throws a cone of 
convergent light upon the 8urfa<;c of the 
specimen, and this illumination, with objec- 
tives of moderate power, yields effects very 
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similar to those obtained with true normal 
lie'll ting. 

The method of illumination employed in the 
examination of metal specimena is, in the 
main, tho determining factor upon which rest 
all the essential dilferences between an ordinary 
microscope such iis that used for biological or 
bacteriological work and one designed siiecially 
for metallurgical purposes. In the former 
type of instrument the light enters the optical 
system of the microscope through the aperture 
of the sub-stage, and tins aperture is, approxi- 
mately, k(![)t in a fixed position, all focussing 
movements being carried out by means of 
movements of the body-tube. In the mctal- 
lurgiial microscope, on the other hand, the 
light enteis tliiougli the a|)erture of the 
illuminator, and •,vhatever system of lighting 
may be adopted it becomes important that 
tins a[)erture should remain ap|)roximately 
fixed, since otherwise the whole e\U»riial 
lighting system would re<juir(‘ readjustment for 
every considerable change of focus, such as 
that arising from the use of a different olijeclive 
or of a thicker or thinner specimen. The 
ro.sult is that all modi'rn metallurgical micro- 
8C(*pes are consti acted with a movable stage 
whereby at least the roiiglus' focussing can be 
carried <jut. In most instruments both coarse 
and line focussing adjustments are still 
retained lor the body-tube, but the coarse 
adjustment at least is entirely unnecessary, 
and ('ven the tine can bo ijuite well omitted. 
Tin' movable or focu.ssing .stage has the further 
advantage, partieulaily in those types of 
instrument in which tin* illuminator is a lilting 
screwed to the lower end of the body-tube, of 
allowing a very large.distaiici', when needed, 
between stage and (d)jective, thus permitting 
either the iBie of very long-focus objectives or 
of thick specimens. 

The simpler forms of metallurgical rniero- 
acope closely rc'semblo the corresponding 
grades i)f onlinary micro.scopes with the 
dilferenoi' that the stage usually has a solid 
platform, and is ca[)able of being raised or 
lowered by a rack-work motion which serves 
for coarse focussing. Some of the more 
elaborate stands also follow closely upon the 
oixlinary models, except for the movable stage 
and the absence of fub-stage illuminating 
appliances. A ‘much more nwlical departure 
from conc'cntional design has been made in 
the Rosenhaiu ^ metallurgical microscojje, 
which is illustrattni in Fig. 6 . The general 
design of this instrument, with its wide tri- 
angular base and the girder-shaped limb, 
recalls a machine-tool nither than an ordinary 
microscope. Extreme rigidity is aimed at in 
this instrument, and, accordingly, the wide- 
body-tube is rigidly attached to the limb, all 
focussing movements, both fine and coarse, 
‘ Kosenlialo, Rot/. Mkroscoptcal Soe, J., 1000. 


being relegated to the stage. This arrange- 
ment is facilitated by the fact that no sub-stage 
illumination is needed, so that it is possible to 
mount the tine-adjustment slide and screws 
in or close to the optic axis of the microscope. 
This arrangement entirely avoids any “ over- 
hang ” as regards the fine-adjustment slides, 
and eliminates a certain amount of lateral 
displacement of the image, which in most 
microscopes is apt to occur during fine-adjust- 
ment focussing under extreme magnifications. 
Rigidity is further secured by the abolition of 
the scrowed-on illuminator, in the manner 
already indicated. The stage is further 
provided with means for complete rotation 



ablaut the optic axis, and the use of oblique 
light is facilitated by leaving the surface of 
the stage comjiletely free, the milled heads 
actuating the mechanical motion being placed 
below instead of above the stage. 

A number of designs of metallurgical 
microscopes, usually provided with a photo- 
micrograpiiic camera, have been based upon 
a type originally put forward by Le Chatelier.* 
Here the stage forms the highest part of the 
instrument, and the specimen is placed 
face downward over an aperture. The in- 
verted specimen is then examined by means 
of an ordinary microscope objective pointing 
upwards. Immediately below the objective 
is the illuminatdr prism, and below’ this 
agai^ is a reflector, which may be either 
a totally reflecting prism or a carefully 
worked metallic plane mirror, ^hich throws 
* Le Chatelier, Stude dts AUiaget, 1901, 421. 
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the image formed by the objective to one side 
into a horizontal tube with the usual 

eyepiece. Focussing, both coarse and fine, is 
done entirely by means of the stage. In the 
original Le Chatolier model, the camera was 
placed in the base of the instrument ; when 
the reflector, which usually stu-ves U) throw the 
light into the eyepiece tul>e, was withdrawn, 
the rays coming from the objective were 
alloAvetl to travel straight downwards, coming 
to a focus upon a suitable screen or on a 
photographic j)lato. This arrangement, how- 
ever, implied the use of the objectives, for 
photogrnphie jmrposes, without the aid of 
any eyepieces, and this j)n)ved inconvenient 
in view of the fact that the apoehromatic 
objectives do not yield thf'ir best results unless 
used in conjunction with the pn)|X'r com- 
pensating ('yepieees, ami also because, in order 
to secure adequate magnifications, extremely 
large cameni lengths are required. In more 
recent models, by l^eitz and by Reichert, 
the tube first used ^or visual purposi^s has 
boon eonnect(‘d to a horizontal camera, while 
ffir visual purposes a second horizontal tulie 
is employed, so arranged that, by pushing 
another reflector into the path of the rays, 
they are again rc'llccted at light angles into 
the eyiqiicce. The whole arrangement is 
indicated diagram matically in Fiy. 7, where a 
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is a sketch elevation showing the paths of 
the image-forming rays, while 6 indicates the 
relation of the visual to the photographic tube. 

The advantages claimed for the I.ie Chatelier 
type of inverted raetallurgioa' microscope are 
that it obviatevs the necessity of mounting 
the specimen at right angles to the optic 
axis of ^the instrument, and that it allows 
of visual examination and photography of a 
specimen without shifting it or the inUniment. 
The former point has alreatfly been discussed. 
With regard to the latter, it must bo pointed 
out that with an instrument of this kind 
visual examination is rendered comparatively 
^irksome and difficult. A horizontal eyepiece 


i.s not conducive to comfort in prolonged 
oljservation, while the relative situation of 
the eyepiece and the focussing and siage- 
mo\fment screws jvnders the oliserver’s 
attitude strained and awkwuixl. The whole 
design of the instrument suggests, in fact, 
that really prolongeii and careful visual study 
of siieeimens was not e()ntem])lated, and yet 
it is this, rather than great facility in obtaining 
photographs, which is really most important. 
The inverted im'UoscojM) has the further dis- 
advantage that the crispness and definition 
of the images are certainly not improved by 
the nd<iitional reflection t(» which they aiti 
subjcoterl, while, finally, the movement of the 
stage takes place on slides w hich are necessarily 
considerably away fr»un the ojitio axis of the 
instrument, so that lack if rigidity makes 
itself evident. While very (‘\ client work has 
undoubtedly been done with instruments of 
this iy|M', they show no temleney to displace 
the moit) usual forms in English praetux*. 

In addition to what may he termed the 
regular mieroseope as employed for the study 
of metal speeimens under all magnifications, 
up to the liigliest usefully available, some 
auxiliary tyjx’s of mn roscojie find useful 
application in metallurgical work. T he most 
I important of thcHo is the stereoscopic binocular 
I mi(T(»sco})e of the (lr('enhoiigh type, first made 
by Zeiss, fl'his instinimait consists, hrietly, 
j of two separate optical sysU'ins focussed ujion 
i the same field of vicw% Hie ininciple of the 
prism binocular being used to secuic ad<‘quatn 
1 separation of the eye[)icoe3 and, incidentally, 

I to erect the image. Twin jiaits of objeclivoa 
are used, and rnagnilications up to 80 diameters 
arc obtainable. For metallurgical purjioses 
this instrument is parAcularly useful in the 
cxainmation of fractures, and of 'ui'h objects 
as the surfaces of solidified ingots, (‘tc., where 
coiisiderahle di (Terences of level exist. These 
are br«night out m brilliant distinctness by 
the stcieoscopic effeet obtained with this 
microscope. For polished and etchexi speci- 
mens, on the other hand, this type of instru- 
ment has no advantages. The same remark 
applies also to the large and elalx irate 
binocular instruments working with a single 
objective ; the differences of level met with 
in properly prejiared sections do not lend 
themselves to observation in this way. 

While metallurgical work frequently makes 
demands ujion the highest resolving power 
and corresponrlingly high magnifications which 
the modem microscope can yield, other asjiects 
of the work often call for facilities for the 
production of photographs at quite moderate 
magnifications, such as from 2 to 10 dia- 
meters. Such low magnifications, up to 
about 30 diameters, are not readily obtainable 
with the orflinary types of microscope and 
objective. Special lenses, such as the Zeiss 
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series, Imve b<;eii produml for this purpoMO, 
unci meet the Tequirememts up to a certain 
point very well. Thewj lenses are not of the 
ty[)o r»f mieroseofie objectives, but are in 
reality small sliort-foeus photo^jjraphic objec- 
tives, 8f)e< ially desij'ru'd to w^ork at positive 
magMifications. 1 bey can bo used eitluu* in 
an ordinary camera suitably mounted, pre- 
birably in a vertical position, or in any niicro- 
seopo haviuf' a sunuiently wide body-tube. 
For maj'nilieations below 10 diameters, how- 
ever, the existirifi; seiies of len.ses aio not well 
Hinted, and tlicHi is the fiirthiT difficulty of 
seenrinj' uniform illumination over the lariic 
field e(jver('d at such low ma^'nitieations, 
combined with suffieimit briuhtness to allow 
of easy fo(■nHHin^^ A special outfit -or a set 
of appliances suitai'le for mlaptiiif' an ordinaiy 
outfit for work of tins Kirnl — woubi meet a 
very real need of tin' metallurgist. In this 
(•onnoetiou a good dcul has b«M*n heanl recently 
of devices in which a low-power, long-f<»cus 
olijcetive is employed, and tlio relatively very 
slightly ('ulargod imago produced by tins lens 
is then magnifu'd by a powerful compound 
micro8C(q)e, Photograjihs having qiiiti* an 
effective ap{K'aranee can be produced with 
such an appliance, and spi>cml claims are made 
for the g’‘oat depth of focus obtaimsl. This 
is of course the result of the circumstance 
tliat such a system has an extremely low 
angular apertuie, since it is on angular apcilure 
alone that “de[)th‘of focus” (kqiends. Such 
a system, however, is merely an elaborate 
equivalent to the use of a combination which 
is well known to be unsatisfactory in micro- 
8C0{)ic work, viz. a low-power objective with 
a high-power eyepioijp. Its use for metal 
hirgical ])ur[)o.scs is not to be advocated. 

'riio choke of objectives for iiu'talliirgical 
Work generally must be governed by much 
the same considerations as tho.sf) which 
govern the same choice in other branches of 
microscopy. The question of resolving power 
is of very great importance, so that it beoomea 
very important to obtain niagnification by 
means of a high-power, wide-angle objective 
rather than by subsequent magnilieation of 
the image by moans of an eyepiece or by jiro- 
jection. For the best work there can bo no 
doubt that apochrometie objectives of the 
highest grade ‘are neeiled, and oven the 
greatest j’osolving powers obtainalilo with 
immersion olijectivos of that class are often 
insufficient for some of the most interesting 
structures. In practice a sot of objectives 
consisting of 16 m/m., 8 m/m., 4 m/in., and 
2 m/m. or 3 m/m. objectives, the last named 
with a numerical aperture of at least 1-25, 
and preferably 140, are found very useful, 
together with a set of compensating eyepieces, 
and, for photographic puqxises, one or two 
special projection eyepieces. Good work. 


although not of the very highest class, can 
also be done with less costly lenses of a good 
achromatic series, jiarticularly if the light 
omjiloyod is kept ap{)roxirnately mono- 
chromatic by the use of suitable light filters, 
w'hich are now readily obtainable. For all 
lenses intended for metallurgical work, how'- 
cver, two sfieeial requirements should bo 
considered, iiie first is that the objects 
viewed are, in almost every instance, un- 
covered, so thrit lenses correeteil for use with 
eover-ghiHses shoiiM not he em[)loyed, nor is 
the provision of the expensive and somewhat 
cumhersomo correction collar required fi*r this 
kind of work. 

The second spei ial requirement for metal- 
lurgical microscope ohji'ctives arises from the 
fact that the olqe'tive is usually employed 
as its (uvii corvlcnscr, and thcrcfoio has to 
transmit the incident liglit as wi‘11 as that 
procet'ding from th«5 ohjcit to the image. 
Here the difficuKy aiisc's fiom the fact that a 
jiorlion of the incident light is icllccti'd hack 
hy the surfai'es of the lenses of which th(‘ 
ol>jc<-tiva' is built uj), and this rollcctcd liglit, 
passing up the tiils' of thi' niK roscopc, lenders 
the imago ” milky ” and weak. 'I'his is, 
jierhaps, Ihe ino.st serious difficulty wiiich 
confronts the metallurgical inicroscopist who 
has not a set of specially constructed objectives 
at his command. In such special lenses 
provision is made for stopping tliis internally 
reih'cted light hy mounting the whole objective 
ill a shoit mount, so that the rear surfiee of 
the ohjectiv^c lens comes well into th(‘ lower end 
of till' microscope tube itsi'lf instead of lying 
some way down in the lens mount. This 
position of the roar surface is important, 
because it makes it jiossiblo to bring the 
rollector of the half - Held illuminator close 
down against the rear surface of the lens. 
In this jiosition the reflector itself catelios 
and stops most of the light w'liich is throwm 
back by the objcs tive, since by far tlie groatast 
part of this light is that reflected from the rear 
suiface itself. I’his stopping effect of tho 
opaque reflector eonslitutes one of its greatest 
advmntagfts over tho transjiarent reflector, but 
it can only Lh' utilised to the full if not only 
tho position but also tho curvature of the roar 
surface of tho objective is suitably designed. 
The best effect is obtained when this rear 
surface is either jilane or only very slightly 
curved, and this is an important condition 
for tho satisfactory performance of a micro- 
8co|)c objective working with a ” vertical ” 
illuminator. 

As in other branches of microscopy, the 
limitations of resolving power encountered in 
lenses working with ordinary light have led 
to an endeavour to obtain increase^ resolution 
by means of light of shorter wave-length. 
While for work with transmitted illumination* 
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on suitable subjects the use of ultra-violet | 
light, working ^nth quartz or silica lenses, htu 
proved successful, in metallurgical work the 
difficulties are much greater and have not yet 
been surmounted^ These arise mainly from 
the fact that the beam of ultra-violet light 
intended to illuminate the specimen must 
first enter the microsco|)e tube and lie reflected 
down through the objective. Unfortunately, 
the ultra-\ inlet light, which is inevitably 
reflected and scattered internally in this 
process, produc(*.s vigorous fluoresceiiee both 
in the lenses of the ohjeotive* and in other 
parts of the instiument. The result is serious 
fogging of the photographic plate by which j 
alone tlie ultra-violet images can be ailequately 
rendered visilile. Wh(ue moderate magnifica- 
tions are used, the iritiuisity of the image 
itself can he kept high enough to give a reason- 
ably good result ill sjiite of .he stray light, 
but for the higlu'st rnagnilicatioiis — where 
alone the use of ultra-violet light is really 
important - it hecomes almost lmpi>ssihle to 
obtain a clear image. 

Refeivnce has already been made, at various 
points in tlu' discussion of the metallurgical 
microscope, to mcthod.s adoptiul in connection 
with the photoniKTography of metals. The | 
methods employed do not diflm appreciably 
from those used in other lirauches of photo- 
micrography, although (crtain nio<litication^ 
are neci’ssirily introdiuod in consequence of 
the use of the vcrtu-al illuminator. The most 
important eons(»qucnce is that the illuminatiiig 
system cannot he coiivciiiently placed in the 
prolongation of the optic axis of the micro- 
scope, but is eith(>r placed in a line passing 
through the illuminator and at tight angles 
to the optic axis of the instiument, or parallel 
to that axis, but slightly at one side, in such a 
way that the hiMin of incident light c.in he 
thrown into iho illuminator aperture by a 
single n*rtcction from a suitably placed mirror 
or ])rism. 

As has bi'cn indicated above, poweiiful 
sources of light are ilcsirahlc in order to 
facilitate exact focussing, and cither the 
el( 3 ctric carbon arc or the tungsten arc {Point- 
olito) are employed, although the “ lime- 
light,” or other pow’crful sources of light, ran 
also be used. The intensity of the light 
employed must of course largely determine 
the length of exposure required in taking a 
given photograph, but it is desirable, except in 
very favourable circumstances, to reduce tlie 
exposure as much as possible, jiarticularly with 
high magnifications, since slight mechanical 
disturbances, or even changes of diciensions 
of the apparatus arising from gradual changes 
of temperature, are liable 1:o spoil a photo- 
graph which has lie^n taken with a long 
exposure. On the other hand, the character 
»of the images to be photographed in most 


examples of metallurgical ‘work is such as to 
reiulei de-Mirahle thi' use of “ process ” photo- 
graphic plates. Those [ilates are “ slow,” and 
ti ns ti'iid t.) lengthen eviiosure, and thert'fore 
fu!m.sh aiuulier reason bu’ the use of a powerful 
illmninant. Much of the liest jiliotomicro. 
grapi ic Work t»n met ids has hoiMi done with 
a|)paratuM in which the source of light is an 
arc lamp working with carl>ons at light-angles 
to one am tlua »itid can;, ing a curient of 2.i to 
3o ampeics .it .i 'loltagc' of b."). 

As a lule tln' njijMMiance of a metallic 
section CJin he faiily well repre.seiitod by a 
monochrome pliotograjih, .since distinctions of 
Colour are not usimlly \eiy \ivid, althougli in 
visual observ.ition miuii impoitaiico must, bo 
attacluMl to shuht viinations of shade and 
tint. Heat -tinted speciim'nK, however, and 
others elehed in .special wa>,s furnish displays 
of hiilliant colour, wluh' stiiUing cllects can 
also he obtained l>v multii olouied oblique 
illumination (sis* .iho\(‘). I'ho.so can he satis- 
factoiily recorded by means of the modern 
processes of direct i)hotogra[»hy in natural 
colour, such a.s the Jaimicrc autochrome 
jiroci'ss. ( 'i in.sMcrahle caie and ex])ericnce 
are, however, needed to oht.iin iiue representa- 
tioms. Particular attention mu, si lx* paid to 
the use of a suitable light lilter with the electric 
arc ; failing this, the him* colour of the arc 
lighi is tiaiislatcd by the coloiir-scnsitive jilate 
into an unduly blue shadi* jicrvadiiig tho whole 
photograph. ^ 

OpportunitK'.s for the useful application of 
the cinomatogiaph to metallurgical micro- 
scopy are also .somewhat rare. Actual move- 
ment docs not of course occur, c\( (*pt when 
the specimen is iiiti*ntionally movcfl by means 
of the stage, lu some •.ises, however, .simjdo 
rotation of a spociuK'ii gives lise to a soiios of 
changing cths ts wliidi cannot bo conveyed by 
a single fihotograph oi even by a senes of sucU 
photogiMphs. Such uu etTcct is obtained when 
a wdl-eti i-i'd section of a pure metal, exhibiting 
the typical oriented lustre, is rotated under 
oblique light A s])ecimen showing slip-bands 
(see article on “Mctils, The Relations of 
Strain and Structure ”) show’.s still more strik- 
ing efTects when moved in this way. Both 
these effects have been succc.ssfully recorded 
by means of the cinematograph. Uradually 
changing ctTocts ean akso ho obtained, either 
by tho progressive etching action of a ” slow ” 
reagent (see above) or by the apjiMcation of 
gradually increasing .strain, and these changes 
can be showm by the cinematograph. In this 
type of ease particularly, how'over, there is 
no need for a largo number of rapidly made 
exposures. All that is required is to take a 
few exposures at intervals so arranged as to 
show only slight changes at each step. Another 
method of showing the successive effects of 
increasing strain on tho screen by the cinomato- 
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graph 18 to prepare a speeimen of such a shape 
that it c^hiiiita all the stages of strain, from 
the heginmng of plastic deformation up to 
the sev'cre.4 st.ige piior to rupture, succoss- 
ivcty ahnfi its ie/igth. If Huoh a specimen is 
passed under the inicroseope slowly while 
cinematographic ])hotographa arc taken, the 
surface, with its changirif' features, can after- 
wards bn shown on the screen, apparently 
flowing past the spectator at a consid(*rai)Io 
speed. In taking such a series of photo- 
micrographs on the film of an ordinary 
cinematograph camera, however, there is 
considerahlo dirticulty in securing that the j 
image sliall remain in adequato focus while j 
the H|)eeimen is moved. I’his can he best j 
Boeiired hy introducing a transparent reflector i 
into the path of the rays forming the imago, ' 
and thus forming*’a hiint refleettsl imagci in a I 
suitably placed eye[)ieee at one side. Provided 
that the focus on the (ilrn and in the side 
eyepiece have previously been carefully 
ri'gistered, this device enables an ohservi^r at 
the side tube to keep the imago in focus 
while the 8[iocim('n is traversed and the 
film exiiosiiroa are made. 

—A lurgi* amount of specialis'd inforinalioii 
on metallurgical microHoopy n contained m the Trunks. 
Fanuhi/ Soc., Sept. 10-0, \vi. part i. : “'J’lie Micro- 
Bcopo— its Design, Cbristruetion, and A[)plieation3 : 
a Symposium and (Jonoral Discussion.” 


METALS. THE RELATIONS OF STRAIN 
AND STRUCTURE — AMORPHOUS 
METAL 

§ (1) Plastio Dkf^rmatioh of a Purr 
Metal. — In the [iresent article it is pro])()scd 
to oonsider?' in the light of modern knowledge 
lif the internal structure and constitution of 
metals and alloys, the manner in which these 
materials undergo plastic or permanent 
deformation and fraidiire. It will Ik* con- 
venient, in the fii‘st jilace, to confine our 
attention to pure metals or to alloys which 
consist solely of cry.stals of one constituent 
(solid solutions), aftervsards endeavouring to 
extend the conelusions anivod at, as far as 
possible, to include the more complicated 
conditions which exist in duplex and other 
alloys. ' 

A pure? metal is now known to be built up 
of a largo number of crystals of varying size 
and orientation, together forming what is 
known as a “crystal aggK'gatc/’ When 
examined in the condition which is the result 
of fairly slow cooling from a liigh temperature, 
whether during the first cooling from soUilifica- 
tion or after some annealing process, the i 
crystals of such an aggregate are, as a rule, of 1 
approximately equal dimensions in aU direc- ) 


tions. Except near the edges of casting" 
which have cooled rather rapidly, there is mi 
direction of prevailii^ greatest length, and 
such a structure is often described a.s 
“ equi-axed.” 

Tlie question with which wo are here 
primarily concemetl is what change does this 
, c(iui-axcd crystalline structure undergo when 
I the metal is subjected to plastic deformation, 
and what is the meehanisin by which this 
change takes place ? The fimt part of this 
question is easily answered by examining the 
micro - structure of a piece of a pure metal 
which has undcigono some appreciable amount 
of plastic deformation, such as extension by 
cold-drawing or cold-rolling, or even by the 
pull of a testing - machine. A section cut 
parallel to the diri'ction of extension shows 
that the metal still consists of an aggregate 
of grains, but iifdead of a system of equi-axed 
crystals w'o now find grains elongated in the 
diroction of extension. These grains are 
obviously the deformed equivalents of the 
[ireviously equi-axed cf^’S.als, and, since they 
appear after etching, in much the same manner 
as the undefonned crystals, they must possess 
at least some of the propeities of crystals. 
Further examination confirms the crystalline 
character of tlies(* deformed grains ; seen 
under oblicpie light, they exhibit the 
“ oriented lustre ” typical of etched crystalline 
suiiaci's in mucli the same manner as the 
undefonmd grams, while deeper etching 
freqiKMitly reveals etclung-figurcs which show 
no dejmrturo from uniform orientation through- 
out eacli elongated grain. It would there- 
fore app(‘ar tliat the individual crystals of 
which a simple rnctal is built up can be 
deformed or elongated Avithout losing at all 
events some of tlie most typical crystalline 
characters. 

The manner in which such deformation of a 
cry.stal can oc('ur is readily understood when 
it is realiseil tliat in any crystal which is built 
upiby the arrangement of atoms (or molecules) 
on some regular space-lattice there must be 
certain planes upon which displacement can 
take place ~ from the geometrical point of 
view — without any disaiTongoment of the 
atomic distribution. From the geometrical 
point of view’, this could occur on every plane 
parallel to two of the main lines of the space- 
lattice, and — provided that the displacement 
occurred in eteps which are equal to or are 
exact multiples of the atomic spacing in the 
direction of displacement— such displacement 
or slip might leave the entire crystalline 
[ arrangonient unchanged, although the external 
shape of the crystal would be altered. By 
numerous displacements of this kind, however, 
a very large degree of deformation of the 
crj'stal as a whole could be brought about. 
In the majority of mineral crystals with 
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whioh we are acquainted, such displacement 
is not ordinarily possible, because the material 
is “ brittle,” t.e. any small displacement along 
one of the crystal planes leads to nipture or 
cleaVagri, It is interesting to note in this 
connection that such brittle cr^tals are in 
the great majority of cases crystals of chemical 
com|xmnds, and not of pure or nearly pure 
elements, while in simple metals we have to 
deal with crystals of elementary bodies. In 
these metallic crystals, it appears to be ptissible 
for displacement by slip to occur without 
rupture of the whole structure ; in the case of 


tlie < ntire surfaces of the crystals are closely 
cross-hatched. The appearance of these lines, 
as seen in iron and lead respectivel.y, is illus- 
trated in Figs. 1 and 2 res|)ectively under a 
magnitication of ;i00 and 150 diameters. (Moser 
stm’y of these? lines confirms the view that they 
are due to the f >rmarion on the surfaces of 
the crystals of minute steps resulting from the 
occurrence ->f slip nidiin the crystals. The 
optical piojirrties of ,uch steps an' indicated 
in the diagram, Fig. M, which shows the steps 
considerably exaggerated in n*lation to a 
microscope objective, while the ])aths of rays 






PMo. 1, — Slip-bands In nearly Purr Iron, x 300. 


iiitermetallic compounds, however, the typical 
brittlcnc.ss of compound crystals is again 
encountered, even where the two constituent 
metals are themselves very ductile. 

(i.) Slip -bands. — The occurrence of slip 
within the crystals of a metal undergoing 
plastic deformation is readily demonstrated 
by means of the microscope. If a strip of a 
pure metal be polished and etched, it presents 
the familiar polyhedral structure, similar to 
that illustrated in Fig. 1 of the article on 
“ Metals and Alloys, The Microstructure of.” 
If the strip thus prepared be no>^ submitted 
to plastic deformation^for instance, by 
straining it in tension — the previously light 
and featureless surfaces of the crystals become 
covenid with fine lines, at first few in number 
but, upon further straining, increasing until 


of light arc indicated by the lines marked 
with arrows. Under “vertifal” or normal 
illumination, the light falling u[»on the surface 
of the specimen from the objective of the 
microscope is reflected back by the bright 
horizontal surface of the crystal lying lietween 
adjacent steps. The light which strikes the 
steps themselves, however, is reflectori out- 
wards and docs not enter the objfctive, with 
the result that the stejis appear as black 
bands on a bright background, os indicated 
in the lower portion of the diagram. If, 
however, the incident light falls upon the 
specimen obliquely from one side, rays striking 
the flat horizontal portions of the crystal are 
reflected obliquely and pass outside the 
objective ; rays which, coming from a suitable 
direction, strike the sloping stejis, however, 
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are rellocted upward into the ol)jcctivo, with reagent. The sarae region, after deformation 
the result that under such obUque illumination and sh]) have occurred, is shown in the dia- 
the 8tei)s appear as bright bands on a dark gram (6) of the figure, which requires no 
backgnjuud. Further, under such illuniina- further explanation. 



tirm, only those particular stops ^\ill shine 
out brightly which happen to face the direetion 
of the incident light. If either the specimen 
or the light l)p rotated, then suecessive sets of 
differently oriented stejKS will shine out as they 
come into the favourable p»>sition. 

Olwervation eonlirms 
all these features in 
eompleto detail, so 
that little doubt is 
left, on this ground 
alone, as to the true 
nature of the.so lines. 
This nature is indicated 
in a rough <liagram- 
miltio manner in Fig. 4, 
where (a) represents a 
vertical section through 
the surface of a spcci- 
PiG. 3. men at the junction of 

two adjacent crystals, 
whose boundary (in section) is shown by the 
irregular sloping line, while their cleavage or 
gliding planes are shown by dotted lines. At 
the surface there is a slight difference of 
level between the two crystals, which is the 
result of the differential attack of the etching 



That Ihe diagram of Vig. 4 (f>), how'e\cr 
roughly, yet eon eel ly, represi'nts the section 
of a prf'viously polished and strained specimen 
of a simple nu'tal has received the fullest 
jiossihle (lenu)n8tiation by the examination 
of an actual cross-section of such a surface. 
The metal used was a pure variety of iron 
(very mild steel), and, after straining, the 
surfaVe on which the lines, or “ slip- bands,” 
as they are called, had been protluced was 
coated with a fairly thick layer of electro- 


(a) 

FlO. 4. 

deposited copper. A section at right angles 
to the original surface was then cut and 
polished special means, which made it 
possible to obtain ^ clean line of junction 
Ijctween the iron and the copper, thus giving 
an exact section of the original surface. On 
this section the steps duo to tfeo presence 
of slip-bands can be clearly recognised. A 
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photomicrograph of such a section, under a i crystals. The uatun' of crystalline iw inning 
magnification of 1000 diameters, is reproduced j has been th>»r<>u<;hl\ studied and elucidated hy 
ill Fig. T). mineralogists, who meet with tJie phenomenon 

Besides the formation of slip-bands, plastic m v great many nnneials. It may Ik* hricHy 
deformation of metals brings about certain de 8 eiibe<l a.s a swinmug over of the entire 
other modifications of their micr*'-struoturc. erystallnu- oiient ition through a definite angle. 
True slip-bands, it must be borne in mind, Twi.ming may m eiir on vaiious of th<' pnm ipal 
are produced only w hen })lastic strain is applied ; planes of a (ly-^lal, .ind the “ twinned " and 
to a specinu'n of metal on which a properly normal jurts id the ei\Htal are thi n related 
fiohshed Huifaee has previously been pre[).ired. to one anotlu'r. as o gnrds orientation, hUo 
If the specimen is polished (with or without an object ami its minor image. Metallic 
etching) afti'i’ the deformation has taken place, ery.stals formed by sohditieation from the 
aetu.il shji-bands cannot be seen. Even if a molten state do not exhibit twinning, but in 
surface on w'hich slip-bands have already many metds it is evtremely common after 
been formed is repolisheil and etched, the the mateiial has been wiought .ind aiineah'd, 
bands do not reajijiear. The only exeejition I'.e. in crystals which h,i\e been formed by 
to this lule 13 that when deformation has been reerystalhsal ion in the solid after pievious 
pushod very far, so that the Blip-bands are pla-stie diforniation. It is piidiable that the 
cither very di'cj) and strongly marked (*r "swinging ovet aclnally ovcih’m diiiing the 
occur in heavily ni. irked gioups, then on ap|ihcation of plastic str.dn, and that 

nietal has undergone also in silver. On 

very heavy cold- < * ■*^ -** ^ ’'** - ' the othei hand, iron 

w’orkiiig, such as at ordinary tempera- 

cold-rolling or wire- . tures and nlu- 


drawdng, and is par- * minium do not 

ticularly noticeable » rf'xliibit it at all. 

in vsome of the copper . ^ ^ Iron at Iiigli tern- 

alloys. It IS prob- ’ ‘ . peratiires ( 7 -iron), 

able, ill fact, that " howiwer, exhibits it 

the well-known I'm - Slip-bands In ('riK^-M'dioii ^ lo(ii) frei'ly. The proeesH 

etch-lines forming a of twinning is, how- 

spccies of ‘'herring-bone” pattern on the | ever, entiiidy diffcuenl in mechanism and 
crystals of certain wrought-copper alloys are j in its effect from iial slip. Tv\; lining does 
really traces of previous intense slip. not, for instance', prodiiei' minute steps in 

It wdll, further, be obvious that wlum ! a jireviously-pohshcfl suiface, and its pre- 
individual crystals undergo change of shape' Bcneo lan onI> be revealed indirectly, i.e. 
by slip, movement must also occur at thi' either b\ subserjuent etching or by the 
crystal boundaries, and this movement peculiar manner in which slip-bands follow 
becomes distinctly visible if plastic strain is the changes of orientation in passing through 
applied to a jiiece of metal on which .a surface a twinned band. Ktching readily reveals 
has been ])olished but not etched. The crystal even the slighteBt amount of twinning, while 
boundaries become clearly outlined by differ- it does not reveal jireviously formed slip- 
enoes of level so soon as the slip-bands liegin bands (see above). Tlu're is, fnitlier, sonio 
to aj pear in the crystals. At high tempera- evidence to show that twinning is not 
tures it has been shown ^ that the bulk of associated with any inen'ase in the hard- 
the deformation takes place by movement in ness of the metal, nor with any change of 
the crystal boundaries, which are then much volume. * 

weaker than the crystals. In most metals at (hi.) Neumann -~- Although, a.s has 

the ordinary temjierature, however, the move- been said above, twinning in the ordinary 
ment at crystal boundaries is relatively sense does not occur in iron at the ordinary 
flniall. • temperature (a-iron), a phenomenon is met 


(ii.) Twinning.— k furtl^r feature associated 
with plastic strain in many metals is the 
occurrence or formation of “ twinned ” 

* Roscnhaln and nurafrey, Iron and Steel Inti. J., 
1913 , 1 . 


with when iron or very mild steel is subjected 
to severe shock or imjiact which may be of 
a somewhat similar nature. This is the 
formation of the features known as ” Neumann 
Lines ” or “ Neumann Lamellae.” When a 
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previously notched bar of wrought -iron or 
mild steel is broken by a sharp blow, or if the 
surface of such metal is indented by a sharp 
blow struck, for instance, upon a small steel 
ball lying in contact with the specimen, these 
lines are found in profusion. They are ob- 
served when a section through the affected 
piece of metal is subsoquently cut, pcjlished, 
and ot<‘hcd. Liki? ordinary twinned bands, 
etching is required in order to revival them; 
but, unlik(5 ordinary twin bands, the Neumann 
linos arc always quite narrow. They run, 
8omctim(‘S slightly stopped, across a crystal ; 
sometimes there may be a number of such 
linc'i in one crystal, but their direction always 
changes, with the changing crystalline orienta- 
tion, from one crystal to another. Their 
presence constitutes conclusive evidence that 
the specimen has*b('on subjected to shock, 
but beyond this their true nature and 
laechanisrn have not yet been cstablishc'd. It 
has, however, been sliown that where they 
occur the “hardness number’’ obtained by 
moans of the Brincll ball impre.ssion is different, 
according as the imprcs.sion is made by steady 
pressure or by impact; while in metals where 
Neumann lines are not formed, the ligurcs 
obtained by impact and by stc.idy pressure 
are in close correspondence. A similar 
discrepancy appears to exist in the results of 
what are known as “ notched - bar impact 
tests,” where* the results found in iron or mild 
steed, consisting lari^idy of ferrite, show con- 
sidorabh^ divergences from corresponding te.sts 
made on harder steels in which free ferrite 
plays a minor part. The tendency of h'rnte 
to develop Neumann lines is probably 
associated with these differences, but further 
research on the point is requirwl. While 
therefore th^ occurrence of twinning and of 
Neumann lines is a matter of very great 
interest and im})ortance, it is jirobably safe to 
regard them as entirely seinnidary phenomena 
associated with the fundamental mechanism 
of plastic deformation by internal slip within 
the crystals. 

The true character of slip-bands and the 
mechanism of plastic deformation by slip 
being acceptetl as well-established fact, the 
question arises whether slip alone can or does 
account for all the phenomena which accom- 
pany plastic deformation in metals. An 
answer in the a^rmative can, in the writer’s 
opinion, bh given only in regard to very 
small amounts of plastic deformation. Where 
severe deformation is concerned there appears 
to be no escape from the view that other 
actions come into play, resulting in the partial 
destruction of the crystalline structure of the 
metal. The view that plastic deformation of 
metols resuite in the partial destruction of 
their crystalline structure, with the formation 
of on amorphous phase of the metal, was first 


put forward by Beilby,^ and has since proved 
extremely fruitful. 

(iv.) //We niai/.— Perhaps the most striking 
phenomenon connected with the plastic 
deformation of metals is the effect which it 
produces upon their mechanical properties. 
This effect is, broadly, a hardening whicli 
results in a rise particularly in the elastie 
limit of the material when tested in the same 
direction as that in which it was jireviously 
j deformed. Thus, by successive applications 
of tensile stress causing deformation (but not 
j fracture) the elastic limit (limit of propor- 
j tionaliiy) of a piece of steel can be raised up 
I to tlie breaking stress, while this breaking 
stress itself can be raised far beyond its original 
vqlue. This apparent gain in strength of a 
strain -hardened (cold-worked) material is, 
however, apparent isther than real. In the 
first place, it is obtained at the expense of 
ductility, which decreases and finally dis- 
appears ontiiely. Further, the rise in the 

elastie limit in tension to a certain extent, 
counterbalanced by a fall in the elastic 
limit in coin])ression, with the result that 
the total elastic range of the mati'rial is 

! not very much increased by cold W'ork. 

This feature is of ]»arlicular importance 
where slrain-hardc'ned metal is intended for 
use under repetition (fatigue) strt'sses. Finally, 
material which has been very severely strain- 
I hardened is apt to be unreliable from two 
causes ; the strain may have been too severe 
locally, and ihus have caused actual fracture, 
pos.sibly internal, and at the same time such 
material frequently carries heavy internal 
stresses arising from unequal defoimation of 
different parts, and iliese are liable to result in 
8ub.sequont fracture. 

Quite apart from any question of the 
practical reliability or usefulness of the 
adilitionql “ strength ” imparted to incial by 
cold-working, this effect of strain requires full 
ex])lanation by any theory which is put forward 
to account for the phenomena of plastic 
deformation. The explanation originally put 
forward by Ewing and Rosonhain,* am) subse- 
quently adopted by Tammann, was based on 
the idea that the very occurrence of slip-bands, 
i.e. of finite slip at relatively large intervals 
in the crystal instead of homogeneous slip or 
shear at every piano of the space - lattice, 


^ Bcilhy, Bri’ish Aaitociation Report, OlasffOWt 
1 ; “ Surface Flow In Crystalline Solids,” Soc, 
*^’^**- I ” Surface Structure of 
Solids,” Jotim. Soc. Chem Ind., Nov. 1903 ; “ The 
Hard and Soft States In Metals,” PhU. Mag., 
.Mig. 1904 ; ” The Influence of Phase Changes on the 
ronaclty of Ductile Metals,” Rt,y. Soc. Proc., 1905, 

States In 

Ductile Metals,” Rof/T Soc. Proc., 1907, Ixxlx. A ; 
Surface Flow In Calclte,” Roy, Soc. l^oc., 1909, 

' K Utufo It, Mnfala •* 


Ixxxii. A ; ” The Hard and Soft State In S^ctals, 
Inet. of Metals 1911, No. 2. vl. 

* Ewlnii and Kosonhain, ” The CryKtalllne Struc- 
ture of Metals, Roy. Soe. PhU. Trans., 1900, p. 363. 
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implied that certain of the planes must show a 
lesser resistance to slip than others. These 
planes of easiest slip, however, would be 
exhausted during the first application of 
strain, and they would, moreover, be disjilaoiKl 
and stepiied in all directions by the simul- 
taneous gliding which occurs on at least three 
sots of jilanes in each deformed crystal. 
Consequently, any further strain could only 
be brought about by a 8tre.s8 considerably 
higher than that which Wiia needed to bring 
about slip in the virgin crystal. Thero can 
be no doubt that some such action occurs 
during ])lastic deformation, but it is difficult 
in the light of fuller study of the phenomena 
to regard this as a satisfactory explanation »if 
all that occurs in strain - hardening. Thus, 
while the theory of selected planes may 
perhaps account for a rise in«the elastic hmit, 
it can scarcely account for an increase in the 
breaking stress. Nor can this explanation 
account for the changes of density — slight but 
perfectly delinite wl^ch accompany plastic 
deformation. Tammann, it is true, suggests 
that the slight decrease of density arises from 
the formation of minute interstices where the 
displaced crystal layers no longer lit in with 
one anotluM- at the crystal boundaries. This 
view, however, would suggest that in strain- 
hardotu'd metal the grain boundaries are 
relatively weak, while in fact they are stronger 
than the crystals themselves. 

(v.) Btilbifs Bxiilanation. — Beilby’s theory 
of the formation of an amorphous jdiasc, on 
the other hand, affords a much fuller explana- 
tion of all the facts, although there are a few 
outstanding difficulties which are not entirely 
met by either theory. The fundamental 
postulaU; of Bcilby’s theory, and of its .sulisc- 
quent develojiments at the hands of other 
workers, is that metals can exist, at the 
ordinary temperature, in an amorphous or 
vitreous condition, and that in this coiulition 
they am very much hardej and stronger tjian 
in the crystalline state. Until it shall become 
possible to produce and to isolate amorphous 
metal in masses large enough to be dealt with 
experimentally, it must remain extremely 
difficult to establish this postulate on an 
unassailable basis. All that can be done 
at the present time is to show, by analogy, 
that the postulate is not in itself improbable, 
and that its adoption leads to a simple and 
adequate explanation of a large numlier of 
experimental facts. Actually, it is possible to 
carry the matter a step further and to show that 
the theoretical conception in question, with 
certain deductions and developments, has 
actually led to prediction! which have been 
definitely verified by experiments. In view 
of these circumstances, the writer regards 
the theory of amorphous metal as ranking 
at least high among working hypotheses which 


have proved themselves useful and illuminat- 
ing. At the present moment, indeed, even 
those W'hi) on certain grounds vehemently 
oppose tln.s theory havi* no consisUmt alter- 
native to offer which could afford any 
s.atisfactory exjdanation of the gmat groujis 
of facts which Uiis theory so readily co- 
ordinates. 

With regiinl to the i xistence of amorphous 
metal, wc aic well aujuaintefl with a whole 
group of Bubsta.ices which, while commonly 
occurring in tlic cryatallinc form, can yet bo 
readily obtained in the vitreous or amorphous 
condition. 

t^uartz (silica) is a striking example, while 
most varieties of felspar ociuir in both forms, 
dcjiending cntin'ly ujion the rate of cooling 
to which they have been subjected after fusion. 
Tammann has shown * that a very largo 
number of typically crystalhno bodies can be 
obtained in the Mtreous or ainoijffious coif- 
clition by sullieiently rapid cooling (usually 
ehilling) from the molten condition. As a 
rule, such vitieous substances can afterwards 
be caused to undergo crystallisation by more 
or less prolonged heating to some tcmjH'rature 
well beh»w that at which the material bexamios 
obviously iKjuid, Onlinary glass exhibits 
thesi* phenomena in a very (ffiaracteristic 
manner. The only outstanding question, 
therefore, is wliethcr metals can bo obtained 
in a similar ainorjihous or vitreous state* ; and 
it would seem that if this were not possible, 
the metals would constitute an execjition 
from the rule wliicb apjilies to the majority 
of crystalline bodies, it must, howovi'r, l»o 
admitted that all onlinary jirocesses of chilling 
or rapid cooling tjuitc4,fail to retain molten 
metal in a non - crystalline condition. This 
fact may, however, l>e readily explained by 
the high velocity of crystal growth in metals 
and the relatively very great mobility which 
exists in solid metals at temperatures 

near thcii melting-points. Evim in solid iron 
at 9(K)" (\, i f. (MM)'" C. below its melting-point, 
no known method of quenching is ca[)ablo of 
preventing the complete rearrangement of 
crystalline structure which accompanies the 
transformat i(» i of 7-iron on cooling. This, 
however, merely serves to explain why it is 
not easy to jiroduce amorjihous rnetal in bulk 
by rapid cooling ; it does not in any way 
militate against the possibility tha^in special 
circumstances metal may bo fetained in or 
converted into the amorphous condition. 

§ (2) CrYST. I.LINE AND A.MORrHOUS MeTAL. 
— These special circumstances would appear 
t<) be possibly of two kinds, resulting in both 
cases from the interplay of atomic forces. 
In the case with which w'e are here concerned, 
Bdlby’s hypothesis requires that crystalline 
metal may become converted into amorphous 
’ Tammann, KryttaUisierenund Schmelzen, Leipzig. 
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motal at tliO ordinary temporaiuro as a reault 
of int(‘nHo local disturbance of crystalline 
arrangement occurrintf on the surfaces of 
sli]) within crystals underj^oing deformation. 
Bcilhy’s ow'ti ex{)erimental work on polished 
surfaces has shown very clearly that under 
lire niechanical pressure of the polishing 
process a surface him of metal can and does 
ilovv, lining up and even bridging over surface 
irierjuidituw. II is evidence further goes to 

show that such a surface film behaves h)r a 
sh(»rt tiriKJ like a mobile liriuid spreading 
under the action of surface-tension forces, 
and tliat it appears to possess some of the 
characteristKi [jropmties wiiich might be 
expected of a thin amorphous layer. If such 
a lo(!al conversion from crystalline to amorph- 
ous metal can anti does occur in a surface 
layer under the action of a pohsliing tool, 
it is not surjrtising that a similar change 
iHiould occur on the iidmiial surfaces of slip. 
On such a surface, layers of atoms are pushed 
|)ast oru' anothm' in rbliance of the attractive 
and orienting forces which tend to hold them 
in thi'ir relative position.s. Individual atoms 
must, in such a lU'occss, pass from thrlr connec- 
tion with one set of adjacent atoms into a 
jiosition where their bonds are attached to a 
diifenmt set of individual atoms, and while 
passing fiiun one such position of e(|uilibiium 
to another they must of necessity jiass through 
jiositions at least a {ijiroxi mating to instability. 
Since finite sliji on a. single gliding plane 
necessarily entails displacements of thousands 
or ev(Mi millions of inter-atomic sjiaeings, there 
must be occasion for a great deal of such 
disturbance. Hivif, also, is generated during 
this ju’oeess, and at the moment of slij) this 
heat is produced on the gliding plani's and, 
Ix'fore it lids tim<> to become dilTused, must 
set uj) viiilent thermal agitation among the 
atoms near the gliding plane, d’he mecliani- 
cal disturbane<‘ combined with this thermal 
agitation may well be eoneeiviHl as capable 
of bi'^aking up, locally, and to a more or less 
.complete extimt, tlu' erystalline orientation of 
the atoms. Kor a brief moment, such a layer 
of distill bed atoms must be in a condition 
elosedy resembling that of a thin film of molten 
metal. The locally generattHl heat, however, 
must be vi'ry rapidly diau paled by conduction, 
and the whole sVate of agitation must subside 
very rapidly, so rapiilly indeed that the 
atoms have no time h) rearrange themselves j 
in erystalline orientation. It is, in fact, a i 
ease of e.xtremely intense ehiiling from the 
“ molten ” state retaining the amorphous or 
vitreous condition by a particularly violent 
“ under-cooling.” 

The very approximate picture of local 
atomic disturbance, resulting in a condition 
which is, to all intents and purposes, local 
melting, may be viewed from an entirely 


different standpoint This has been done by 
Johnson and Adams,' who, on purely thermo- 
dynamic grounds, come to the conclusion that 
what they tr*rru ” partial ” pressure in a 
solid — that is to say, pressure wliich acts on 
the solid phase alone, but from wdiieh any 
liquid phase which may be formed immediately 
escapes— is capable of lowenng the melting- 
jioint of rm)St metals quite down to or below 
the ordinary tcm})erature. These authors con- 
clude that under plastic strain all ordinary 
metals must undergo local temporary fusion. 
Nor is the eoncejrtion of a stress acting on 
the solid jrbase alone at all difficult to realise. 
On a gluling surface the acting stress must 
of necessity be largely of the nature of a shear, 
and liquid, once formed, would immediately 
How and cease to resist a shearing stress, 
which would tlifis be rr'lieved so far as the 
lujuid phase was concerned. 

Thes(* eonsideratuuis have b(‘en ])ut forw^ard 
in some detail owing to tlu; fact that certain 
physicists suggest that^/itieous or aniorphous 
metal, Ixung the unstahh* jihase at any trmi- 
lieratiiie luJow the melting-point, cannot 
possibly be formed fi*om the stable, crystal- 
line phase at such a lemperature. The argu- 
ments of .Johnson and Adam^, however, com- 
])h>teiy meet this objection, and in any case 
it is not easy to be eeidain that, umh'r the 
conditions of lemiierature and stress which 
exist on a gluling plane at the moment of 
slip, the erystalline phase ri'ally is the stable 
form. 

The theory that there is a phase change 
(ery.stalline to amorphous) which occurs under 
plastic str.iin has roeently reeeivi'd interesting 
eontirmaliori, although only of a pr'iJindnary 
sort, from some experiments carried out by 
Hr. Sinnatt," who has measured thy quantity 
nf heat gruierated during the plastic extension 
of a pioee i»f mild .stts l in the testing machine, 
comparing it with tlu' beat equivalent of the 
wo^•k done by the tensile forces employed. 
He has found the somewhat startling result 
(hat not murh more than 10 per cent of the 
work done is converted into sensible heat, 
the remainder being absorbed in some latent 
form. The generation of amorphous metal, 
and the consequent absorption of the equiva- 
lent latent heat of fusion, offers a simple 
explanation of this observation. 

If it be granted that amorphous metal can 
exist, and that it can he generated on the 
ghding planes under the action of plastic 
strain, we have next to consider what justifica- 
ti(m there is for the conception that this 
amorphous metal is very strong, hard, and 
brittle, or at lea^fb incapable of plastic de- 

‘ Johnson and Adams, “ On the Effect of High 
ProPHures on the Physical and Cliemk'al Behaviour 
of Solids,*’ Amrrican J. of Science, March 1913, 35. 

* Sinnatt, unpublished thesis. 
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formation. We have, in the first jilaee, the 
analogy of other amorphous or vitmous sub- 
stances U) guide us. Glass is typical of such 
am(jrj)hou8 substances, and it ctu tainly suggests 
a hard and brittle body. But it is necessary 
at this stage, if the full meaning of the theory 
of amorphous metal is to be appreciated, to 
point out that a truly amorphous substance 
is in reality a liquid— a very much under- 
cooled liquid, but still a substance wliii'li 
possesses the characteristics of a liquid to an 
ext(‘nt limited by the degree of viscosity 
which the conditions of temperature may 
inqiose upon it. Thus glass at the ordinary 
temporatuio only ilows with extreme slowness, 
although a relatively slight rise of temperature 
decreases its visco.sity enormously (according 
to an exjjonential law) so that its truly liquid 
characti'i' soon becomes evident. The pro- 
|>ertic8 which we must associate with amorph- 
ous metal, therefoie, must be consid<‘red in 
careful legal d to the teniperatuie scale — an 
ajijiroximately fixed '^)int on the tenqicra- 
ture siales of all substances being the true 
melting-])oint of the liquid — up. the tenijiera- 
ture at which it is in equilibrium with crystals 
of its own kind. Amorphous platinum or 
tungsten, therefore, might well bo exjiecteil 
to behave in a very difTerent manner from 
amorphous lea<l or zinc. M’here the amoijili- 
ous material exists at a point in the tc,in- 
perature scale far removed from the true 
meltmg-])oint, w'o should anticqiate a very 
high degree of viscosity coupled with great 
strength and hardnes.s and little or no capacity 
for viscous flow. An amorphous material near 
its true melting - [loint, on the other haml, 
while it would still disjilay the character- 
istic brittleness of a liquid to any rafiidly 
applied stresses, might be expected to give 
signs of a considerable capacity for slow 

VISCOUS flow. 

In considering the properties of an amorph- 
ous substance, however, we need not ti'cly 
entirely upon analogy with such substances 
as glass, pitch, etc Our very conception of 
the amorphous state as contrasted with the 
crystalline condition gives rise to one funda- 
mental difference in properties. This results 
from the very absence, in the amorphous 
material, of the gliding or slip planes which 
furnish the crystal with a mechanism for 
undergoing plastic deformation under the 
action of stresses far low’or than those required 
to bring about rupture. It has recently l)oen 
pointed out ^ that all ordinary matcnals, and 
metals in particular, are very mii^h weaker 
than would be anticipated from the calcu- 
lations of molecular physics. So far has 
this view been carried that Griffith suggests 

* Griffith, A., “The Phenomena of Rupture and 
Flow In Solids,” Roy. Soc. PhU, Trans., 1920, ccxxl. A, 
163-198. 


that tho weakness of metals can only bo 
accounted for by tlie existence within the 
crystals of a large number of minute iiltra- 
mieroscopii Haws (»r fissures — rather of tlii' 
nature of internal disoontiniiities. The aji- 
paivnt wt'akness of ordinary crystallim' 
materials, however, can ho exjilamed in a 
much simpler manner, even if the very high 
figures for real ten^’le strength arrived at 
from the datn of molecular physics an* 
accepted. Th<jsc oalculations refer to the 
“ stixingth ” of the material as if it were tho 
power to resist a direct pull tending to tlraw 
the atoms (or moliaules) directly ajiart. 
Actually, however, they are not pulled directly 
apart m this manner when metal undergoes 
deformation or even fracture after plastic 
strain. What occurs, as have seen, is a 
sliding of layers of atoms over one another, 
and the stress ret] ui red to biing about such 
sliding need only la' a fraction of that rc(juirAl 
to hring alamt diiect pulling apait. We can 
realise tho diffi'ieuce from (he frimiliar case 
of two plates of glass held logelhi'f l»y a thin 
film of water. Diicct separation of tln^ 
])lates requin's a force wliwh is quite dis- 
proiairtionately larger than that needed to 
slide tho plates ovei one another until they 
I scjiarate. It is tins ]a>wi‘r of deformation by 
! Hliding vvliicli, vvbil(! it lemlcrs metals ductih', 
nlwi renders them relatively soft and weak. 
They fail, in fact, not by the piillnig apart 
of the atoms fiom oih' an*other, but by sliding 
of layeiH of atoms over one another. 

If this view is coircct— and Ibo actual 
occurrence of slip in nu'tailic ciystals at all 
events fiirinslics il with a sound basis of 
oxja'nmcntal fact-tlu*n tlit> abHciui* of duc- 
tility and a vt'iy rniwh liiglicr ilcgreo of 
Htrongili and hanlnc.ss art* pK'ci.ely what we 
must expirt to find m amotplious material, 
where there is no regular oncntati<m allowing 
of defoi iiialicm and fracture l>y slip It is 
true that m the majority of substauces wliich 
we are accustomed to n'gard as amorjibous or 
j vitreous, such as ordinary glass, we do not 
ordinanly liml that liigh degree of strength 
which the considerations of molecular jjhysics 
would lead .is to anticipate, but this may 
possibly be due to the fact that the amorphous 
character (jf the m.- tprial is not, as a rule, 
coinpleloly developed. AVhun melted at a 
high temperature and quickly eiyiled, while 
protected from the access of possible nuclei 
, bir crystallisation coming from the air or 
other surrou-" dings, such substances as glass 
I or vitreous silica may perhaps he obtained 
in a completely amorphous condition. The 
I presence of minute crystallites in glass in the 
ordinary condition is rendered probable by 
its behaviour in regard to fluorescence, and 
by several other fihcnomena — particularly 
1 the occurrence of a very slight critical point 
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(thermal) in the neighbourhood of 400® C.^ 
It would thus seem that in ordinary materials 
we may ineet with the wliolo range, from the 
pure arnorphouH “ stjlid,” in reality a perfectly 
under-cooled liquid, to the crystalline aggregate 
in whu h there is only a very thin film of 
amor])hous material between adjacent crystals, 
with substances of an intornictliate character 
which may bo regarded either as consisting 
of an amorphous matiix in which numerous 
crystals are suspimiled, or as a crystalline 
aggregate in which the amorphous inter- 
crystalline “ lilm ” is ri'lativeiy very thick. 

Leaving the (iuestion of amorphous inter- 
orystalline layers to be more fully discussed 
below, enough has been said to justify the 
view that amorphous metals may be expected 
to be very much ^larder and stronger than 
the same metal in the crystalline condition. 
Ductility, in fact, being dependent u[K)n slip 
within the crystals, is essentially a property 
of crystalline matter. A viscous, under- 
cooled liquid may, of course, undergo de- 
formation of a “ i)lastic ” {i.e. non-elastic) 
nature, but the rate at which such deformation 
can take plac<> is determined by the viscosity, 
which in turn depends upon temi»erature — 
possibly on th(' temperature difference be- 
tween any condition under consideration and 
the normal inelling-piuut of the metal. Yet 
oven where /he viscous under-cooled liquid 
or amorphous metal is sufficiently mobile to 
undergo ajipreciablo* displacement under the 
actiim of applied stresses, such deformation 
is of a different nature from that which occurs 
within crystals : in the amorplums substance 
flow must (H'cur by the movement iff particles 
along stream-lines, whereas in a crystal 
“ flow ” occui's by a complicated system of 
slip in which individual atoms do not move 
in any ndation to stream-lines. The most 
striking difference, Imwover, arises from the 
influence of the time factor on the deformation 
of even relatively very mobile amorphous 
metal. 

In the harder metals which are ordinarily 
submitted to mechanical tests, the amorphous 
phase at ordinary temperatures— being many 
hundreds of degrees below its melting-point, 
is extremely hard and so viscous that it 
behaves, under all ordirnry rate's of applica- 
tion of stress, as a quasi-elastic solid, although 
— as we shiiU see shortly — very exact measure- 
ments show’ that there must be a certain 
amount of very slight and gradual flow oven 
in these metals. When, however, experi- 
ments are carried out on metals which, while 
sufficiently near their melting-points, are yet 
strong enough to allow of the application of 
large stresses, interesting confirmation of the 
flow of metal in the amorphous condition 

' T(H)1 and Vtilasek, “ Characteristics of Glass,” 
Phy», Review, lob. 1919. 


can be obtained. This has recently been 
done in the case of an alloy of zinc with 
copper and aluminium, containing 4 per cent 
of copper and 7 per cent of aluminium.* In 
the cast state this alloy is hard and brittle, 
with a tensile strength of about 23 tons |>er 
sipiare inch. When heated to about 250® 0., 
however, it l)ecome8 soft enough to undergo 
rolling, which can bo continued as the metal 
cools. Ultimately, as the result of what is 
essentially cold -rolling, this alloy may be 
obtained in the form of sheet metal having 
a thickness of about 002 inch. If such 
sheet metal be tested in tension in the ordinary 
way, it gives results wdiioh depend enormously 
on the rate of brnding. Thus, with a time of 
loading of only Il O seconds, the tensile strength 
is found to be (52 tons ])cr square inch, with 
an elongation ()f‘’)nly 9 per cent on 2 inches. 
If the time of loading is extended to 1 minute 
12 se<’onds, the tensile strength falls off to 
27 tons per square ineb, while the elongation 
iiiereasos to 42 per een^ * A further reduction 
of the rate of loading until the lime occupied 
is 45 minutes bdrigs the tensile strengtli down 
to 10-3 tons, with the remarkable extension 
of 52 per cent. The manner in wliich this 
material Hows under the prolonged apjilica- 
ti(ui of a small load, and its rate of recovery 
after removal of the load, w'as also ob.served, 
and was com})are(l with the behaviour of 
glass and pitch in this respect ; a most striking 
resemblance was found. It is not of course 
suggested that this alloy consi.sts entirely or 
even mainly of amorphous metal ; accoiding 
to the theory of Beilhy and its doveh)pment8, 
such material would consist of crystal frag- 
ments or remnants embedded in layers of 
amorphous metal. It w’as found, for example, 
that a mixture consisting of 75 per cent of 
sand and 25 per cent of pitch holu'.vecl, under 
I such tests as those here considered, as a 
I typically amorphous material, so that the 
pheromona described dri not demand the 
presence ot any very higli proportion of motal 
in the amorphous condition. 

The behaviour of the alloy just described 
when it is exposed to raised temperatures is 
of particular interest. It is of course well 
known that when cold-worked or strain- 
hardened motal is heated, softening or “an- 
nealing ” occurs as soon as the temperature 
is high enough or has been maintained for a 
sufficiently long time. On the theory of an 
amorphous phase produced by strain, anneal- 
ing consists in the resumption of crystalline 
form by the great bulk of the amorphous 
material present. At first this recrystallisa- 
tion may occur without any general rearrange- 
ment of the structure, but such general re- 

• Rosenhain, Haughton. and Mngham, “ Zinc 
Alloys with Aluminium and Copper,” IHH. of Metalt 
J., 1920, No. 1, xxiii. 261. 
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arrangement always fellow’s upon more pro- 
longed heating. The result so far as the 
mechanical properties of the metal are con- 
cerned is in all ordinary cases that the strain- 
Lardness disappears and the metal reverts to 
a more ductile (trystalUne) condition. In the 
case of the peculiar zinc alloy referred to above, 
however, the phenomena are entin'Iy different. 
There the ductility ” of the eokl-worked 
metal is duo not to crystalline shj) but to 
“ stream-line ” How of amorphous metal which 
in this case is n»jt in an excessively viscous 
condition. In the crystalline state — as east, 
for instance - this metal is hard and non- 
ductile. We might, therefore, anticipate that 
any heating v\hich causes the crystallisation 
of the’ amorphous phase will immediatelv 
destroy the quasi-duct dity due to the How of 
this phase, and will restore the hardness and 
bnttleness of the crystals. This is po'ciscly 
what occuis. A fc'W minutes’ heating even 
at 1(K)^ coiiveits the rolled material into 
a hard and buttle sul^tanee. No other ex- 
planation of these aiiparentl^ anomalous facts 
has yet been put forwaid, and they a)»peur to 
afford very striking cvid(>nce in favour of the 
theory of amorphous metal. 

§ (3) Expekimkntal lU.sis of the TiiHonv. 
— If the theory that ])lastic ileformation in 
metals is accompanied by the transformation 
of a small iiortiori of the metal into the 
amorphous lorin be accepted as a W'orking 
hypothesis, it is found to furnish a key to 
the great majority of the eom}tle\' jihenomena 
W’hich arc associated with plastic strain, and 
even to some of the facts relating to elastic 
deformations. We shall, tht'refore, consider 
the more important and well-established facts 
in relation to the explanation.s which the 
“ amorphous " thcorv c-an funiLsh. 

(i.) Microscopic Observaliom, — We may 
begin by considering in rather gieat-er det.ail 
the microscopic observations relating to 
struin-hanh'ned material. The formation and 
microscopic character of “ slip-bands ” have 
already Ix'eii described. If these bands con- 
sisted of nothing more than the geometrical 
displacement of layers of atoms w’ithin the 
crystal, we should anticipate that if a surface 
on which slip -bands had been developed wore 
afterwards repolished and then again etched, 
no traces of the bands would be seen. If the 
deformation has been slight, this is strictly 
the case, but if severe deformation has taken 
place, then the otchmg of such a repoUshed 
surface may, and frequently docs, reveal 
traces of lines which bear so strong a re- 
semblance to actual slip-bands that tliey have 
sometimes been given that name. Such 
etched “ strain -bands,” however, are of a 
totally different character from the slip-bands 
ptoper, and the fact that they occur at all 
at once suggests that the occurrence of slip 


must leave liehind in the metal some definite 
change of structure wliich can subsequently 
bii revealed by etching. It is diflicult to 
Iwliev'e tli.u such a more or less permanent 
change of slrucluro can bo other than a 
disturbance of tlic legular crystalline arrange- 
ment, and, thoref'ire, the formation of a layer 
of more or lc.s.s amorjjhous metal. It is tyjncal 
of these baiub that tl '“v only ajipear to any 
marked ('xtiMit ifter ''overe cold work has 
been applied to a jtieoo of metal ; they are 
most readily seen in Ci)ld-drawn cojiper alloys, 
and their direct (‘onncction with actual pre- 
<'Xislmg »li()-band.s can be doHmtcIy traced in 
.‘uiitalde experiment.^. That these bands are 
not of the same nature as the “twinned” 
bands mrntionod below' is, however, proven! 
by the manner in whicli l 4 t*shly-forrae<l slip- 
bands .superposed on the etclied strain-bands 
pa.H8 through the latter without suffenng the 
double dellection which is typical of jiassagd 
through a twinned band. 

(ii.) CoM Work and //f/rf/rmVu/.— Reference 
has already liecn made to the fact that cold 
work results in hardening the metal to which 
it is apjihed ; thu.s tensile stiain raises both 
the (‘hustic limit (limit of proportionality) 
and the ultini.ite .stnsss (tensile strength) of a 
metal, and the haidness and strength of the 
amoijihous metal produced on all surfaces of 
slip has been invoked to explain thj^ hardening. 
The phenomena, howevi'r, are con.siderably 
more complex. For while*it has been shown 
that such a test of “ hardness ” as the Jirinell 
ball te.st revi'als no fiiffcreiu'cs when apjiliod 
to sections of a rod which has bt*en strain- 
hardened by tensih' <tverstrain, yet it is well 
established that in cert^iin metals the rise in 
the ela.stic limit in tension is compensated 
by a fall in the elastic limit in c#m pressionA 
At finst sight this fact is not easily recon- 
ciled v\ith the sujiposition that the additional 
hardness in tension is duo to the jirescnce 
of a hard .iniorphous material on the pre- 
vious gliding jilanes of the crystals. But it 
must be homo in mind that the phenomena 
which occur within a crystalline aggregate 
are not entirely simple, ami that the establish- 
nient of any lyj»* of plastic deformation 
must nece.ssa?ily bo accompanied by the 
setting up of more or less severe internal 
stresse.s. In perfectly general* terms, it may 
be said that if the structure of a mptal is so 
far in homogeneous that every element is not 
equally strained by the external forces which 
have been apjjied, then any inequalities of 
stram must make themselves felt as internal 
stresses so soon as the external forces are 
removed. If we assume, for example, that 
the material is built up of alternate longitudinal 
strips differing in elastic rnixlulus and in elastic 

‘ Bauschingcr, Mitt. a. d. Mech.-Teehn. Laborai. 
Muticheti, 1880, No. 15 
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range, then a suitable tension applied from 
outside, and suflicicntly large to produce 
permanent or plastic extetjsion in one set of 
strips, will strain the others only just to their 
elastic limit. Wlu'ii the extiunal ten.si<»n is 
removed, the whoh' of the bar will tend to 
contract by the amount o^ the elastic part 
of the extension which had been imposed 
upon it. lint while those parts which had 
Ix'cn strc'Hsed only up to the elastic! limit have 
the tendency to revert to their original length, 
the remainder — which had been pla.stically 
deformed — wall tc'ud to contract only to a 
much smaller ('xtemt. Since! all jiarts of the 
bar can only contract to the same extent, the 
bar will rcnnain in e((uilihiiuni at. a hmgth 
greater than its oiiginal Icnigth, w’ith one set. cd 
its constituc'nt p.yts held in eompre.ssion and 
th(» rem.iinder in tension. Such a condition 
of internal stress will nec'css.irily produce' i 
^n, irked ('H'eets on the phv''ie<d propertic'S cd ! 
the bar as a whole'. 'I'hen' niii.st, foi instance, | 
be a markc'd ellect upon thc! position of the j 
elastic! limit (cd ])ro[)ortionahty). If, as is to | 
be anticipuled, that constituent which oiigin- 
ally possc'ssed the' lowest elastic limit is lett, . 
after ten.sile overstrain, in a condition of | 
initial (inti'i'iial) eompresHion, tlu'ii the appliea- 
tioii of an external load will lirst have to 
rc'lie.vc! this compression. Theiehy tiu! (‘lastie 
limit ill tc^ision of tlu' weaker constituent 
will be apparently' raisc'd, so long as the 
intensilied stress on the .stionger constituent 
does not exec'C'd the elastic limit of that 
substauee, (’ompressioii, on the other hand, 
W'hcMi apiilied by c'xternal load, will lind tlu' 
weaker constituent already seiiously stro.ssed 
ill eominvssion, and /in apparent loweiing cd 
the elastic limit in compression must result. 
Provided that one (d ( he eoii.stitnents is entirely 
elastic in its hcha\iour under tlio whole range 
of Btressc's applmd, w Idle the other is markc'dly | 
inelastic, it wotuld follow that thc raising cd ' 
the elastic limit in tension would he exactly 1 
counterbalanced by an ecpial lowering of tlio 
comprcvssion limit. If, however, there is any 
plastic yielding or evtm a slow “creep” in 
the harder constituent, then this relation would 
no longer hold good. 

The explanation suggested above for the 
shifting of thc elasticy, limits in some metals 
as a consequeM’c of plastic strain has inten- 
tionally Jiecm kept very gc'iioral, and it might 
perhaps he applic'd to any duplex alloy 
oonsisting of two widely different micro- 
oonstituents. Put it would Jie necos-saiy to 
assume that both the elastic limits and the 
elastic moduli of thc'so two phases should lie 
very ditferent — and the latter constants at all 
events do not vary much tliroiighcmt the alloys 
belonging to the same series. Actually, the 
explanation is best met by reganiing the soft 
crystalline metal as the ” weaker ” constituent, 


and looking upon the amorphous metal formed 
on slip-i)laiies and also existing in the crystal 
boundaries (see below') as the very much harder 
and mure elastic inateriAl. For, although we 
are to regard amor[)hous metal as essentially 
of th(' nature of a highly vik'ous liquid, yet 
these extremely viscous substances behave as 
cpiasi-solids unless an extremely long time is 
given for flow to take' place. In all ordinary 
k'lisile testing, and in most cla.stieity experi- 
ment.s, the time oeeiipiecl is very brief. Under 
such conditions, thc amoiphous jihaso of the 
less fusible ine.tals may be regarded as a 
solid having vety high tensile strength and a 
very high “ elastic limit,” and for all ordinary 
jmr poses it therefore fulfils stnkingly the 
najuirenients of flic “harder constituent” 
discussed above. Jf the theory here suggested 
is eoneet, howevi'r, it would be anticipated 
that the mfeinal stresses in cold-worked 
material should, in the eoiirso of years, dis- 
aj)f)ea.r, owing to flic giadual ilow' of the 
amorphous mati'iial. If (his vveie the case, 
one would anticipate that in the course of 
many years the elastic limits displaced by 
straining should gradually tend to resume their 
normal value.s. 'fins e\))enment, however, 
docs not apjiear to have been tried, and there 
is no evidi'uci' to suggest whether the relief 
of such internal stress sliouhl occupy years or 
centuries at the ordinaiy temperature. That 
such relief may -and jirohahly docs—occur 
at slightly eh'valcd temperatures is, however, 
clearly imlicati'd by f.lio marked effect of 
exposure to slightly raised temjieratiires on 
such materi.ils a.s cold-diawn stei'l tubes in 
the process known as “ blueing.” 

(ill ) Dalhy'/f — Beyond the [ihc- 

nomena already indicated, there is a w'hole 
si'tu's of othi'is connected with jilaslic strain 
which requiie not only explanation at the 
hands of any satisfactory theory of stiain- 
hardening, hut, in the fust instance, still 
avyait further investigation. We shall refer, 
below, to the |)henomena of elastic after- 
w'orking, and other minor features of the 
ela.stic behaviour of metals. Here we will 
only refer to the so-called semi-plastic state 
met w ith in iron and mild steel. This has been 
studied by various Avorkers, notably Muir ^ 
and Dal by.* In the case of nearly pure iron, 
the phenomenon in question is that if a piece 
which has been overstrained in tension is 
relieved of its load, and is then again gradually 
loaded and its behaviour observed by means 
of an extensometcr, it is found to bo in a 
semi-plastic state, i.e. starting from nearly 
zero load, the stress-strain diagram shows a 
curve insk'ad di the normal straight lino 
corresponding to the elastic stage of strain. 

* Muir, J., Ron Soc Plnl. Tram. A, 1900, clxlll. 1. 

‘ l)ull>v, \V. 1'] , Ron Sor. Phil Trans. A. 1921, 
ccxxl. 117 : aUo JRog. Soc. Proc. A, 1923, clil. 8. 
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If the specimen is alternately loaded and 
unloaded, the ntress - strain diafrrarn takes 
the form of a loop, tyj)ieal of the ehuss «)f 
phenomena which, from their analogy to what 
takers pi. ice in a m.ignetic cycle, aie gtmerally 
CalliMl “ hystcresiH.” From tlie point of view 
of any theoiidical explanation, however, the 
most interesting feat me of this phenomenun 
is that aft(>r a fairly lengthy peri«>d of rest 
or immediately on exjiosuro to a very .slightly 
elevatcsl temperatme, such os 100" (’., the 
material, at any late in the case of iron and 
mild .steel, recovens its clasti<-ity - the hystercsi.s 
looj) vanishes and a test yields a straight elastic 
line up to th<‘ new r.used limit of propor- 
tionality. Dalhy has icccntly shown, l>y 
means of an optical indicator spciially ile.signed 
for lapidly tracing these stre.ss-alram loops, 
that the bch.uinnr of ditferegt nietal.s varies 
widely in regard to this jilK'iionumon. In a 
few riK't.ils it doi's not (»(( iir at all ; iti a few 
there is r.ipid lecovcry .is de.sciihed above, 
while 111 others e\en junloiiged expovsure to 
100’ ('. doi's not bung aixtut ieco\eiy. 

W'hile the whole of thesi' ph(‘nomcn.i have 
not yi't been studied sulluiently to allow' a 
satisbo toiy (‘Xpl, Illation to bo formul.ited, 
it appears pinbabh' that the variation in 
behaviour found by l)alb\ (h'pends upon the 
wide ditferciues in the visc<»sitv i»t the amor- 
phous phasi! ulinh iiiu.st exi.st as bctweim 
such nict.ils as steel and an aluminium alloy, 
licilby ^ h.is suggcsti'd, without paiticiilar 
refiuiMice to the fact.s now under di.seu.s.sion, 
that the am(ir[)hous pha^e when tir.st foiiiied 
is in a .sjieeial inobih* " condition, and his 
ovideneo .is to the ilow of .surface films of 
amorphous metal fuinishes considmable sup- 
port for that VK'W, This idea al.so appi'ars to 
otTer an attr.aetive possibility of evpl. lining the 
teinjior.iry “ mobility ” (/.c. semi-plastieity) 
of oveisti allied metals. On the other hand, 
this view ini'cts with the obvious dillieulty 
that, if rnobih' amorphous layers exist even 
for a few minutes— not to say hours or days— 
on the gliding |tlanes of (lystals, why should 
not such amorphous material .ivail it.sidf of 
this very mobility to undergo reerystallisatiori ? 
The writer therefore inelinea to the view that 
the “ tempo rary mobile phase” is probably 
confined to surface lilrns, who.se character is 
intlucneed by conditions — jiarticularly of 
pressure — entirely different from those existing 
within the ma.ss of metal, and that the; stress- 

* Boilby, /issix-iotion Renort, Glasgow, 

“ Surface blow in ('r\st.iillne .SulMs,” Rnij. S(k Proe., 
May I'.fUt, Ix'ii ; ” Tiie Siiriaee .structure or Solids," 
Jotirn .Sec Vhe 7 n. 'Sttv 1903; '* The Hard and 
Soft States In Metals," I’hil. Mag, Au>x 1904; 
"The Intliienie ot Phase Clianws on the Tenacity 
of Ductile Met.ils,” Roij .Ser, l*roc A, 190.'», Kxvi 
462 ; " The Hard and Soft States in Ductile Metals," 
Roy, Sor I*ror. A. 1907, Ixxlx. , "surface Flow iu 
Calclte,” Roy. Soc. Rroc A, 1909, Ixxxii. ; " The H.ird 
and Soft State in Metals,” Inst, of Mdals J., 1911, 
No. 2, vl. 


strain hy8tort‘sis phenomena diseusscxl above 
' are D) Ik‘ ascrilied to the interplay of internal 
i stresses and the gradual accommodation — in 
I .some metals -of the iiiiiorphous materia! to 
I lji (*80 Rties.H('s. Rise of tcinpiT.ituro would 
j undu'ibtediv faulPate such ai'commodation, 
j but it IS dil’ic-dt fo SCO why or how it should 
' aeeelerato the transition of n “ mobile ” into 
a ngid amorphous eom ’tion, 

(iv.) Unitknes and Fi(7chtrr. — Tho pheno- 
mena of phi.stic ileformation which have so 
far been considered are mainly tlio.se eoiineeted 
j with ridalively niodeiate degrees of difforma- 
' tion occiiiriiig at the oidinary lemjierature. 
j We have next to con.sider what occurs when 
di'formation is pushed to the ])omt of fracture 
oi w hen fractur-e occurs without much defonna- 
I tion under vanmis eircumsDoiccs, Taking the 
I ea.se of “ buttle'' fiacture occurring under a 
1 siiigh* loading, wi* have a uTilively sim])h‘ 
c.ise. If the nu'tal Is one in which i ty.stallin(^ 
, structure is well dcvchtpcil, fraituri' occui’S by 
diicct cleavage lU’ s(‘p<iration along certain 
■ planes of the ciystnlH. Fven m such a luittle 
, metal as hisinuth or antimony, fractui-e occurs 
I by this process of cleav.igo across the crystals 
I and not by th(‘ scj>, nation (»f thi' crystals from 
I one .iriothcr, whctluu' the cauM' of fiacturo 
, be a stc.-idy pull or a blow'. On the other 
! hand, tlmic arc inalcrials — but never simple 
j met.ils 111 whicli fruturc apparyitly occurs 
I along (he boundaries <»f the crystals. If, 
j for instance, g<»ld is rendPred brittle by the 
' addition of a simill pmcimtagi* of hismuth, 
i it ajipcars to li.ictuic in this manner. Aetn- 
I ally, the privsiuiec of the liismuth gives rise to 
I a di.stiiKt iniero-eoristituetit which btrms a 
I brittle and weak eiivelo||i‘ aioiind the eiystals 
I of the gold. Fraetuie occurs through these 
brittle envelopes, .,’id thus apju'j^AS t(j follow 
] the crystal boundaiies of tin* gold although 
' in leahtv it occurs in what ;ue probably 
I ery.stals "1 the brittle eonstiluent. The 
, indivnlu.d g'.ld erv.sials can be Hej)arated from 
such an alloy and are tlicn found to be perfectly 
du(tih>.‘ tSimilai eases of ajiparcnt inter- 
eiy.stallmc biitth'iiess are found in a number 
of metals, including unanmsded steel castings 
in which Hiilphi le of iron plays the part of a 
buttle inter-eiystiilline medium. In all such 
cases, however, the typ'' of fracture owes even 
! its apparent inter crystalhne oiiaractcr to the 
! presence of some special impurity or^defect. 

1 In metals whose crystalline chaiacter is not 
] so strongly marked by the development of 
i definite cleavag'^'.s, fracture may take a some- 
' what different form. For instance, in some 
j materials, such as hardened steel, the crystal- 
] line structure is extremely minute, and the 
! ma.s8 of the material may easily i xhihit a 
] typic.aUy conohoidal fracture such as is typical 

‘ ’ ArnoM, " DisciiKslon on Fourth Reiwul, Alloys 

! Res, Com.,’* Inti, Mech, Engs Journal, Feh. 1897. 
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of ijlttM. Suoh frjv turoH ncour priiu’i pally in 
miitoriaU whiclj arc cither wlolly am(ii'[)lu»u>4 
or ooiiKiHt «*f tniiiutc ••ryHlalhtcH omlwUdeil in 
an aiTiorj)hi)io< lu.iirt'' 

In inctalrt win* li aic more or lens (lu< tile, 
till’ type of fiat fiirc ilrpcntlH vciy rrnn h upon 
the niatire r in whuh it ly j)io(linr<l. The 
nature of Iho frulun' d«>jrt‘n<lM entirely upon 
how linn li if any pla-ttie (h format'on oenura 
before nipt me. A highly duelile jueee of 
wroUKht lion, tor example, e.in fx- iinule to 
break with a eryMtalhne < leavaye fra<lure, 
if it in liixt ^iveii a nhaip iioteli or itn inion 
ainl ia then stnnk a nharp blow. In the 
ahaeliee of a noleli, HUeft mateiial would hiaid 
doul)le III the cold without aliowiiiL' a < rm k, 
oi would uadi'ii/o a lai^e amount of extension 
hefoie fiaetiile tiiyh r a teii-ule teHt. llo\\e\ei 
it may t>e luokeii, tlu^ metal lemaitiH equally 
nrVHtallioe in its inliTiial Mtiintuie, mo that 
dt IS wioim to .speak of Moeli mateiial l>eii|ii; 
"lihrous" in one case and ‘‘ er\stalline ” in 
the othei : tlu'si' tmins ean at rnont he applieil 
to I he type of ti u tnie. 

W hen a din tile melid is hloken aftei se\eit> 
pladie (hfonnalion, as m a tensile t<'st, the 
eoiistitueut eiNstals have Inst nmhiijone the 
proei'SM of deloiiiiation h\ int«'inal slip to an 
extieine demux'. .At tin' s.iine time, layi'rs of 
liaid ainoiphous metal have been foiiiied on 
.sueee.S'^ni' ^lidinu suifaees until, tin.dly, the 
erystivls are so full> inteilaeed with amorphous 
layeis tliat finth(«i phnslie yieldmij: beeoineM 
iiiipo.ssihh' and fiaetuie oeeiirs 'I'his fiaeluie 
still taki'S phn e aeioss the ciystals, Init not on 
Hiimoth, reuular (leavaj^e plain's, sueh planes 
have InHonie distmbed and stepped, and (iiss- 
erossi'd with layeis of amor|>hous metal, so 
that the tinul fiaeture takes a somewhat yiji- 
path ax'fosM tht< mueli don^ated lemnants 
of the oiiginal iiystal.s. The le.snlt i.s a 
fraeture havmu a tibioii.s, silky apjK'aranee, 
but iindei the mi« ro,se(*|Mi it.s es.s«'utially trans- 
ei\slallme eharaeter i.s still quite evident. 

(v.) Alhty'i. The whole td the 

phenomena of strain and fraetnn' Wome 
mueh mole eomplex when one deals not 
with a simple metal but with a duplex allov. 
In sueh mateiials, one «>f the two s'ou- 
stituentu is always very mueh harder, stronger, 
ami less duetile than thetitle'i. 'I'he funetion 
of sueh a hanler eonstituent is to stiffen 
up the alloy as a whole so as lietter to 
rt'aist thetemlene> towards plastic deformation 
when stiess is applied to it. The crystals of a 
hanler constituent disjiersed lynonR the softer 
ones serve to 8Up|H>rt the latter at their eclges 
and to inert'Hse the stress mininxl to pnalueo 
.slipping?. When deformation ilm's oivur, 
however, the hartler and ivlalively brittle 
eonstituent tvs a rule also undergoes deforina* 
tiou. ApjMvrently the surnuimting sidter 
mateiial serves to bold it together white 


underiToing slip, whereas, if left to itself, such 
sh[)s would develoj) into cleavage fractures. 
Thus in a mild steel which has been strained 
in tension, the relatively hard pearlite is 
elonn-ited neaily as mmdi as the soft ferrite. 
When, however, [ilastie strain has g<»ne to a 
(iTtain leni'th, the haider con.stituent afqicarg 
to undergo a spei les of intenial fracture 
wlmli ra}U(lly leads to the fraeture of the 
whole pii'ie This resuitmg fiiuture — when 
prodiK ed .ifter wrioiis plastn' deformation — 
a[ipeais to run mdinerently through the two 
const ituent-^. ‘ On the other hand, if such a 
iiH'tal H bioken either by shuck or fatigue (see 
below), till'll the fraeture as a rule ajipcars to 
avoid the harder (onstiluent and to follow, 
.IS far a.s pus'll Me, the cleiiv.ige or gliding 
planes of llie ferntc. Whiiliever tyjs' of 
fraiture m<i\ oi'i'ur, howevi'r. it is eU'ai from 
what has bein said as to th<‘ lelative parts 
pki_\t'd by the two eoiistitiienl't of a diijilex 
al|(>\ that the powers of re.si.stance of the 
material must be gieater thi' more intimately 
the two eoiistitnenti/' are associated, i.r. the 
linei the ' giiiin " of the micro struetnro. This 
infereiue is fully siippoiteil bv observation. 

(\i ) Fnlu/ni 'I'lie plicmtim'iia known as 
‘'f.itigne" in ini't.ils h.i\e now to bo brietly 
I onsnb'ieil from the point of view of the 
internal stnictiiio and mechanism of metals. 
.\n <iccount of the pheieuneim themselves is 
guiii in the artic'i's* tieating of the clastie 
piopeiiif'S of mafi'iial, so that they need 
only he bru'llv mentioned here. The funda- 
mental fact winch must be explained by any 
satisf.u'toi y theory of tlu' inti'rnid .stiuetnro 
and behaviour of mcf-vls is that a stiess 
which when steadily applied is quite in- 
suffuient to break a given material will yet 
hiing alioiit fraetUM' if applied and reversed a 
largv' nurnlx'r of times For each material 
there ajipi'ars to bi' a limit i f stiess -Hoim'tinies 
ternusl the .sjife lanee of alternating stress — 
anv stress below which I'aii he ajqihed and 
n'Vei-sed indeliiiitely without cuuring failure. 
Anv stiess above tins limit, on the other 
hand, produces fracture, geneially in less than 
one million reversiils, or, if the stress is far 
alsvve the safe limit, fracture may in'cur in a 
few thousand reversals. 

Miorosi'opie idwervatiou has prondeii a 
} clue to the nature of these oceurrenci's, since 
it has Imm'ii found ^ in the first instance by 
i Kwing and Humfrey. and subsequently con* 

' tirmwi by others,* that such fatigue failure 
' commeneea by the oeeurrenee of a very slight 
j amount of plastic deformation in one or in a 

i ' Ri^senlvaln, ” I)o(ormati<»n and Fracture In Iron 
! and Mild SUs'l,” Irfn nml Mf/-/ hi4. Jimrn , lOOtJ, 

! • See article “ V.lajitlc Pollutants, Tfu' Determina- 

1 tion of.” Voi. I 

( * Kwing and Humfrey, itog. Ph\I. Tram. A, 

' nHV2, re. 

* Stanton and Hairatow, Proc. Inti. C%ril Eng,. 
‘ IWjr-O, clxvi. l»t, 4. 
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few i»i»laUKl eryativla whiih happen t<» l)e »» 
placed in rej'uni to thc^r crystalline orientation 
relatively to tlu' dircctioiiH <»f the applHnl 
that slip i« t<|K'Oially facilitate<l 
Such plfl'^tl<^ (ichinnation is, of couiws 
extremely nntuitc when eo»Hiciere<l as a 
percentage t han;ie in the dimensions c*f a 
teat ]ti*’cc, hut it IS apprcduhh' us u defoMnio 
tion of an imlivnlii.d t rv.stal. Now the slip 
which iKeins in such an imli\idu.i! (rvstal on 
the lirat application <»f ahtioss lw>comcR reversetl 
when the Hticss itsi-lf IS reveisod. and thus at 
each alt<'imition the yli<linj' .sutfui esarc ruhlKsl 
over oni* another, haikw.inls ami forwanla at 
oai’h reverM.il. For a consider, ihle numher of 
rt'vcrsals, mtthinv: further occurs - if at tins 
sta^e the metal is allowed to rest, or if it 
IS heatisl to an annc.ihnK tenijM'iature. no 
damat'c has heeii done aud^i"thmf' further 
occuM Mut, after a rsilaiii starze has hi*en 
reai’hi'd — and the tinu’ tc(|uited to reach it 
will th'pcnd upon tlu' amount of shp wimh 
oicum, and thcir'foic - ' the iiit<‘nsitv of tie* 
ap[ilictl stress- a fuither ch.intre makev itsilf 
felt. L'p to this Ktao('. a [lolished and <*t' Inal 
cross sralMii of such rnatiTial slews no tr-us* 
of the plarcs when- slip has oemirrerl, hut 
in the vser olid staue this is no htnocr the case - 
line lim-s a|ipear on such sections, and as tlu* 
pro( css f ontinui's t lics<> hecomc wider and more 
numeniuH until (lu\v rh'velop int<r oh\ious 
fiasuiea or cracks Once such a crack has 
lH*cn foi ined in a sin^h* r-rvsfal, that nuluidual 
cciisi's to heal aiiv part of the stress, and 
asldilional stress, in a loiahsed form, is thntwn 
upon tlu* ailjrucnt (i\stals These umleriro 
Blip and llssurmc in tlicir tuni, and rn this way 
the lissiirc makes its wav across tlu- whrtlc 
ihickiu'ss of mi t.d and fracture results. 

If this view of tlu- plu-nomena of fatmue 
is correct — ami the mi(T'>seo[iu- r-videnec is 
v«*ry eonvimin^ .so f ir as the facts are con- 
oerned it would follow that the only “ sale ” 
range of altematint' .stresses is oiu* which ij^ies 
not produce even the most loi-.ah'S-d amount 
of slip any VI hero in the tnatonal In one 
sense this is the “ true ” I’lostU' limit, hut since 
the pla-stic deformations m ipicstum are so 
very minute, the most wnsitive extcnsonicter 
as a rule fails to detect any jdastic deforma- 
tion at str**s.*M*8 eonsiderahly higher than tlu* 
fatigue range. In this sense, one may regard 
the determination of the scife range umler 
fatigue a.s easentially a fletermination of the 
real elastic range of a material. There are, 
however, reasons for thinking that even this 
is a Siimewhat arbitrary disUneti»*n in an 
aggregate which consista of truly crystalline 
and clastic material together with a varv’ing 
amount of an amor}>hous, quasi -elastic, but 
essentially viscous niaton-il. 

The manner in which, under fatigue stresses, 
A surface of rei)eaU*d slip becomes converted 


int 4 » an actual lissim* re(juirt‘s some considera- 
tion. If IVilhy’s view, that the amorphous 
mateiid when first formed is t<'mjs>rarily 
riudule, Ik* aeiepted. theri* h little dillieulty 
in supjsKlng that this temjhiranlv mobile 
mail .lal may be -imply s<|iiee/.(‘d out from 
lietwo'in the slipping siiifjices K\«-n tlu*ii, 
however trie jiu-stici* rem.iilH. \s lieu- iloes it 
go ? ‘Pin* S'tud im-tal ( .01 .sertuely lx* r»*giiril(Ml 
as jiiMvhlinu inlt cstiei's l!iri.’i‘ (-nough to alloW' 
room tor such m.itenal, and at tirst sight this 
ap|x*ars to Im- .t si'iious dillu uitv. A monu'nt’s 
eonsideraliou, howe\er, revi-als the fact that 
fatigue fractuics alway.s comiiu'iut' it the 
surfa<*e of a pu-ee i>f metal Off^-n they ani 
loeahs<‘<l, if not actually initi.it^sl, by some 
Mirf.oe irrcirul.intv. but in any case the most 
severti sticMcs geru^rally •uju*' at or i lose to 
tlu- suifaee Further. :t is ipiite evident that, 
gi\f‘n even unifoim distribution of stn-ss, a 
(iNst.il Imiu; in the aefual suiface layer of 
the nu-t.d is rmue f.ivoiirablv situated for 
umh‘rgi‘irig |<ical slip Ih.in any cr\st,d williin 
flu* m.i.ss of the m.itetial With this eon- 
sider.if loti. how(‘\er, tlu* ditlicuHv id the 
<lisp(»s.il of the prodiicls of allnlion by crystal 
hlip disapp<*arH Fiiitliei, it lessens the dilli- 
eulty of a<e<*ptmg the temporary mobility of 
nmorpboiiH m.itenal. siiiee we h.ive alii^ady 
ws'ii tli.it Heilb\’s evuh nee i om-ei iiinir siiifaeo 
flow of s.iIuIh ' has Iliad'- it eudeiil tliat at 
or near tlu* surfice siu h rapid Ilow of fleshly 
foniu'<l 4imorph"Us inei.il ina\ lake pl.ici* 

'Plu* «lis( ii.vsiorr of the plicnoineiia of fatigue, 
and their explan. ilioii by the tlu*oi\ jnst 
deM< nlK*d, < antiot be c.uned fiirthi'r w ithm the 
limit.s of the present ailu'h*, but it isdisirable 
to ref<*r to .i ver_\ int:i8uous theory rci-i-ntly 
]Uit forward by (Jnllitli.® This autl-or lu cepta 
the view oulhned abo\<' ,<s to tlu part })layetl 
by the pherumien.i of hlip iii plastic defoiina- 
fiori. and also aM-ejils tlie \ievs that fatigiu* 
f.nlure « * mmem es by 1"< al d<‘formalion of 
indivulual (r>stals. He, liowc\(*r, d<ies not 
aicept tlu* view that shp surfaces }a*tome 
o<*nvt*rte<l into fi.shuies by attrition. Ho 
endeavours, on the contrary, to exjtlain the 
phenomena by tlu* hypothesis that metals, in 
their ordinary <‘ondition, rontain a largo 
nunilKT of very line ( racks or fiHsureB- only 
a few “ in<»l(*(’iiles ” in thickncHs, and really of 
the naturo of minute gaps in tlu* crystal 
struetun* By the existence* of thew^“ eraek« *’ 
he seeks to explain the weaknesa of metals 
08 compariMl with the Htn*nglh ealeulatcsl from 
the data of tm locular physicH, anrl he suggests 
that in plastic fleformiition these cracks are 
ineroawHl in sizr*. thus lu-eounting for the 
relatively small change in dennity which is 

‘ BHIbv , /fx*. r« 

» Urlllitte “ The PlieiioriK’ira (»f RuiUurc Riul 
How In .Solids,'' liojf. Soc. VhU. J'rant. A, (a;xxi. 

• 163-198. 
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a ill tho nKalulim 

whh h lu' ii't'anJs fiM <liHpn»|>i>itiuu.it<‘. I’ntirr 
sill h int^-rnal Haws simply 
Mjiicafl, fiiirii/in^' .il)(»iit frai fiiri- wfii-n fl>i*v Imva* 
iMS'iimi* siiIIk ii’fitK i vti'iisivi'. Thr dilhciiltu's 
(if .Mill li a tlii'oiv all’, li(i\M*Vrl, oliviolis. Till' 
fiii t (li.it ( (ilil-u'drkcil inct.il iH liiith lianliM- atiii 
Htioiit;('i th ill it was hi'fiiro Iho appluatum of 
pliistii Htniin siaiccly audm-sts that il is a 
matrtial in whidi mtrriiil i nu ka ha\i* hct'n 
(‘x((‘iisi\ I'l V (i|i('ncil up. 'I hi'ri- la .ilso Ihc fact 
that thn cli'ctMcal ii'sist.iiK'o nf at Min-hatilomsl 
mrtal is unly v*‘i y aliylitly (lil!i'i(‘nt fiom that 
(if (he Miift malciial a fai ( whu li, on (Jtilhth’s 
(hcoiy, ran only ho ('xplaimsl on tlio furthi'r 
aaaumption lliat tin* inlornal “Haws,” whilo 
wiilo rnouah to .let as liasiiroa ho f.ii as 
inr(‘hani'‘al atiiMiyyi is coni'oiniMl, arc naiiow 
cnotiyli not to atfcct electrical (ondiK ti\il\. 
veiiiariled as electronic in ch.ii utci. 'I'akcn uh 
A whole, this thcors’, while vciv ingenious, 
appears to the wider to lie hiclilv aitili'ial, 
and until aonic cvidcnc(« can he pioduced to 
oatahhah the rc.il existence of mtcind lia.sures 
of the kind postiil.itcd liv tJrilVdh, it w'oiild 
Hi'cm wise t) ic^'aid (he whole hypothesis 
with caution 

§ (() 'I’llK I’UMTt’KK P\ril. In oil! dlS- 
cuasioii of till' hcha\ioiii of piiic (oi “ simple ") 
metals iindi'r all am w<' h.ive hitheito coiilineil 
our allentii|ji almoMt exiliiaivclv to tlie he 
havioiii of the constituent iiystals consideied 
more or h'ls as indApeiidiMit units \ctiiall\, 
however, the hcha\iour of any oidinaiy piece 
of met il depimds u|>on a nundx't' ot additional 
tai'tois which ai(' udati'd to the inaniier m 
which till' ciystal.s of the .ly'n'f'.itc .tie con- 
nected toycthcr. At, lust siyht one would 
perhaps expi'ct to tmd that tlu' ciystals tlnun- 
selves Ill'll •,'('! y much stioncer than the 
ayurcyali' of which they fonn a pan, so that 
when such an ayyieyate came to he hroken, 
wht'ther hv a sudden hk.w or liy any pio 
eess of yiadiial (hsmteyiatioii, the indi\nlual 
crystals would iH'eome si'paiattsl from oiu' 
another- i.r. that the [>.ith of fracture would 
ordinarily follow the in(('r-crv.s(alline hound- 
arUw. This, however, is conspicuously wot 
the ease. 'Ihcre an* eert.un special eases, 
oeeiirriny under conditions which are now 
well n'coynised, where inter-ervatalline fracture 
oci'urs, hut in tk<' vivst majority of eases pun' 
simple im*tals, and even the yreat majority 
of strony and ductile alloys, break hy fiaetures 
which fMiiSS through the crystals and not 
around them. So much is thi.y the cjvse that 
the inter-erystalline houndaries have come to 
be rt'cogniwMl ns sources of si length rather 
than of W’cakneiM! SujM'rior meehaiiieal pro- 
pi'rties an', in almost all metals, associated 
with a line-graineil structun', i.e. one in which 
the constituent crystals an' small, and there 
jseems tti bo every reason to liehevc that the 


advantage of a minute micro-structure resides 
in the strengthening effect of the crystal 
bonndanes, wliich are more numerous and 
more closely sp.iced in such a structure than 
III a coarsely crystalline one. 

We are thus confronted with the romarkahlo 
f.ict that the cohesion between adjacent 
giains or crystals is greater than that within 
the crystals themselves. This inference is 
fiirtlu'r strongly siippoited hy mierosco[iie 
(‘X.iinmation of the ehai.ieti'r of ahp-bands in 
the m‘igh))ourh<»od ot crystal houndaries. In 
(lu'se legions tlie h.inds are distoited in such 
a in.imier as stiongly to suggest tliat the free 
oemirrenei* of slip on the ervstallim' gliding 
planes is to a eoii.siderahle extent inhihited 
hy foiees (h'lived fn»m the region of the 
crystal houndarv itself. Any theory w'hieh 
piiipuits to e^itliiin how intei -ei yatalline 
adhesion is liroiight .ilsmt must, therefore, 
('Xpl.iiii this fundamental f.iet that in noimal 
met.ds this adhesion is gre.iti'r than tiu' co- 
hesion existing aiTij^ cleavage (»r gliding 
pl.ines within the eiyslal 

Tlie simphst view of the nature of crystal 
hoimdaiies, which is .idopti'd. among others, 
hy r.immann.^ assumes that the stiictly 
(uy ‘((.illine orientation of cai h civslal is 
jui'si'I'vimI until Its outlying .itoms .im' so dose 
to lhos«> of th(' next civslal that tlu'ic is no 
loom for further .itoms on tIu' sp.icc-lattiee 
system of either ciystal. On this view, 
(•('rtain ot the atoms would he common to 
both ( ryst.iis. wliih' at inti'rmcdi.ite points, 
wlicK' the two spaci'-latticcs do not fit properly, 
llu'ie would h(> inti'islici'H -in fact, tlu' I'xist- 
cnee of such iiitcr-crv stallme intiUNtici's is an 
('sscnti.d pait of tln.s thi'oiv This vk'W, how- 
e\ct, fails I'litiH'ly to c.xpkiin the marked 
stn'iiglh of the inter-crvstalline hound, vries, 
since .1 legion where numerous int«'isticej 
I'Xist must nee«‘8sarily l>e weaker and not 
stronger than the mass of tlu' solid eiystal. 
Kiiji^tht'r, if .such intt'rsticcs exist in tlu* honnd- 
arics, th('S(' mii.st. form insu|x*rahle ohstaelea 
to iivstal growth and analogou.s phenomena 
which ('eeiir so readily in metals at teinjiertt- 
tiiiOvS very far Im'Iovv their melting points. 
Beyond tins there are a whole senes of further 

1 objections to tins theory which are best dealt 
with in other eonneelions. Even the strongest 
supfxnters (d this theory apjH'ar to adopt it 
mainly on meount of what they regard as a 
fundamental ohjc<'ti(*n to the unlv alternative 
hyjHithesis yet put forward. This ohjeetion 
at isos from the view that, hceau.se it ha.s not 
yet prov'cd possihle to produce amorphous 
metal in large mafwes by some such pnicess 
lis the umler-coollng of liquid metal, there- 
fore metal cannot exist in tlie amorphous 
condition even in minute amounts, or— to put 

' * Taiumiinn, Zeitsehr. /. FAektriH'hcm., lUl'J. xUII, 

No. li». 
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it m anotlu’r waj’- that, sinro metaU uro 
kiio\in to })(KS4*'.a tttnsi<KTal>l«* UmuJoikv t'» 
form crystals im*i to |m>ssosh ciiuHHlrratiU* 
velorilU'H f'f ttV'^tallisation, thctcfon*, ones* 
the* crystalhsHtmii t.f a lu|iml im*tal has coin- 
mcncMsl. ftH/iriii. that pioivstc tuust 

go (III until till' u'huh Ilf th(' nic't.il has Imsi'Iiu 
crystalhiu- ro the ami to many 

nmtallurgistH, (hesn infcivmi's do not !i|)|«'ar 
to h(' justllii'd As alicady dese [iIhhI, iiH-lal 
h;i.s riMcntls Ikmu |iii'|».nod m a (oudilion m 
whu h its |itojM‘rti»'S I’oi losjiond m a stiikiinj: | 
manimi with tlioM> to l»r looked for in an 
augregate lonsistmg to a eonsuleiahli' lAtimt 
of ainorplioii-, matter, winh' tin* e\idenee now 
to he desenhed also '((‘i\es to show that even 
east oi fiillv anm-al«‘<l imtal (‘\hil)its pio- 
jM'ities whnh can lM*st hv meoiinted foi hy 
the \ lew that la\eis oi liliiiH of amtii|ihons 
metal alwa\s e\ist in the* inter a'r\ si. dime 
Imundai n s. I ’nh‘ss all t hese fai ts of i ihscj v i- 
tloii .md e\|ieiiment <an he hitlei e\|ilained 
on Some otlu I \iew. It apiMMis to tin' wnter 
that the\ must eoii^ioi'i ihiv outweigh th" 
inirids (> pnun iirgiitin iit th.it met.ds (.innot 
n'lnaiii in an .imoi|ihons eoiiditioii latwien 
elosely adjaeent ii'cstals. 

'I'he view that inter 1 1 \ stalhne ( ohesion m 
a eivstalline .iguneg ite aiises from the presence. 
iK'tweeii the (icst.ils, of a layer of .imoiphou" 
metal aetmg .is ,1 Sjiei les of • -ement,'' w.is 
iirrived at iiiok* m hss simiilt.meonsly hy 
sever. il woikifs following diltiunt hne.s of 
thought .ind expel iineni 'I'hu'' Se.irs.' in- 
vestigating the el, istie Ik hayioiu of metal Mils, 
came to the eoin lusion th.it .some of the facts 


inter • » rvstnlhne Ismndaries in metals, oml 
paiUeiilifle in pure nu'tals, may Is' enu- 
veiuently dnided into two distinct luanehes, 
wlmli deal, me ycith the purely physienl or 
meeh.innal Isdiayiimr of tin* houiidaiies, and 
the ot*ei with iluMiK.tl and phy sieo eheinieal 
jihenomcMia i-si lat-sl w it h t hem. 'I'he former 
gioup may h.< ( oiisidi nsl lirst, p.irtieularly 
sin(<‘ refeieU' •' t as ili< e!v heen inadi* to the 
ic latiy ely goe.ii -.tr* igt h of t In' 1 1 y stal junctions 
I III pine m« t ds i.» ordin.iis temperatures, 
\eiy iiiterestme eoiisidi i atioiis arise, however, 
if tin' ('heel <.f yarying tempeiatiiixs on the 
Intel (ly.stalhne cement he con.sidered. 

t; ('d .Srui-M.iu vso 'I’l mci u vri'iiK. 'I'lio 
.imoiplioiis ('ement " tln-oiy implies, funda- 
ment. illv, that the intei ciy.'-lallme layer 
j po.,s('s^e,^ the esM'iitial propel ties of ,in under- 
( ooled Inpnd. .md it is ,i uni\ isal piopeity 
of .dl lii|Uids, wlietliei umh I -eooh'd oi not, 
tint then yis(osit\ i)S 4 >s i.ipidK witli fallm^ 
tempei vtui(‘. the l.ite of MM' pel (h'giee of 
t''mpei.ituie diop y.iiyiii'j widely, hut, Ix-mg 
I gt'mi.illv yi'iy i .pid mdi'cd over some |).ir- 
! iK'ulii i.ui'.'t' of tempi I, lime 'The actual 
\ Is. ..situs of li<|uid met ils ,it then melting- 
points .IK only \'iy i |i|iioxnn.i 1 ( ly known, 
.md .lltliollgli metals dlOei I onsidei.lhiv ftoMl 
one .Hiotliei ni tins nsp.-.t, tlu'ir yiseosjlies 
in tin |Usl-niolten loiulilion are .ill of thi* 
snim* 'udei ,'simil.ii ly . we (|o not kmtw the 
(‘\a( t sh.ipe of the ti iiipi ra lire \ IseoKity 
niiy(s ..f met. (I- f..r teiiii^ii ilutes hi'low their 
melting point s. hut the aiialogv of all known 
lujuids ('iialth's Us to .issume with .i f.iir di'giee 
..I (ert.imty that lliey .ils.. f..ll..w a similar 


could h('st lie ('Xplainid hy supposing tint i 
the met il ('oiisists of (ryst.dlim' p.wtu les 
em losi'd III .111 .iinoritlioiis m.itiix or envelope , 1 
Osiiioml* st,it('s lh.it he sees strong kmsoiis 
for helieymg that mnnite amorphous layers 
exist hetweeii adj.nent eiy.stals; ychile lien- I 
gough '' g!\e.s the lirsi detinito pnlihshed 
statement of the “ amorphous cement 
thi'ory. rile pre.s('nt yyriter h.id, howf%<’r, 
oariicd out expennu'Ht d work in an ende.iyour 
to est.'ililish tins theoiy prior to the pnhlua- 
lions mi'iitioiied, and th(‘ first aecnmt of such 
expeninent.il eyidenee was jiuhlislusl hy Kwen 
and the yyiiter in 1012.* Since then, [>artly 
a.s the result of eontroversies arising out of 
the theory, a large amount of further evidence 
haa iK'en obtained, with the result that any 
rival theory is now faecsl with a large range 
of exiM'rimental fact, winch has, in many 
cases, Is'en determined as the re.sult of pre- 
dictions hascnl ujmn the theory of an amorphous 
“ cement. ’■ • 

The eviflenoc relating W tl'C la*haviour of 

* Ss'ars, ( amliruhjf Vhl. Sue Tram xxl l(i.'» 

* (isiiioii't, l)ls( us,>i()n on " Tran^forniutlonic of 
Steel, ” Iran and SM /rijrf ./ , 1011. Xo 11. 

* Uengoitgh, InM. .\hiaU ./ , 1012, >11. 176 

* Rosenhalii and Kwen, Intt. Metals J., 1012, >iU 2. 


4'ui\e imln.iting .iii im I' .ik*' of viscosity with 
falling l('mp( laliiie w liu li may , ‘ liowever, 
drill r yeiy wuh iv m .Aiiouiit from one metal 
to .molhei Hio.idlv. howi'Ver, it is (jiiite 
K'asonal.li' to .mlKipate fii.it an undei -cooled 
imt.il will he elioimollsly y IS( oils if oJiservcsl 
at a teiii, ‘ r.iluK' l(HMi (’. hd.fU its melting- 
point as ...mp.'ueil with aiiotliei ohserved, 

[ s.iy. .'KHr <' hi low its own melting-point. 
In a yerv loiigli girier.il sense, in fact, wc' may 
regaid the melting jioiiit .IS indu.itmg the 
I relatne t< mpi'iatme si ale m leganl to y iseosity 
for each met..' In mk Ii metals ,is lead and 
tin, for example, w(' .should thus I'Xpeet that 
the anioiphoUH pli.ise should l)e relatively 
[ mobile or iioii-yisf oi.s, with the lonsiMjuence 
that the metidsiould not Ik* 'sc'verely hardentsl 
hy Cold woik tstram), and that W'ervstalliHa- 
tion after strain shouhl occur even at the 
ordinary temfH’iature Ix.lli anti< ipstions 
Is'ing fully lfC>me out hy oh.smy atioti. Zinc, 
having a higher melting point, should l>e 
capable of laiiig more fully liardencsl hy 
strain and rather less liable to reeiystallise 
at ordinary teinfsTatures, although probably 
still doing so in the course of a long time. 
Finally, iron should be exjs^cted to midcrgq 
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extrrmo di'i'n-cH of Mtram-hanlrnintr urul Mhould 
1 m< tiMrthh* in umh run rrciy,st>i llis.it ion withtnit 
CoM-idfrultlt* In tin-sc icsi)c<ts .il.so 

th(* imlmitions f.j tlir llioory an- fully in 
iicconl \Mtli fi< Is Hut it H posrtililc to nnisuf- 
tin- iri;iff»r fiiitlMT fiy fotiHnIcrini' not th«* 
fcj.ilna- viMcoHjly to Im> ;inti( i|);tt»-il in (lin<-i<-nt 
nn-l/ils ;it IIk- trni)M‘ratur(-, Init fin- 

<fHin','(‘H of vi,s(osily vsiiicli must occur in (he 
Harm' undci-coolod nu-tal at diffciciit, (cin- 
|M‘ratincs. 

At or near the incltiny-poinf one would 
expect th(' viscosity to he n-latively low 
With falling tenipciatiiie It would he ante i- 
pated, aH indieut<*d above, that tlu- viscositv 
will iin rcaHc, comparatively slowly at lint, 
and then, for a <ertain ranee, vei y lapidly. 
If, now, we considei the i lh-i t of such cliatii'es 
in viscosity '111 tlil^ la havioiii- of tin* niclal 
under ordinary stresses, as, foi iiHtance, in 
ij tensile test, we s(-e at once that it must 
de[Mnd eiitiiely upon the time duiinu which 
Htri'HS irt applic'l to the nu-tal, assuniine that 
it do<-H coiiHisl 111 pait of amorphous material 
Whih' th(' viscosPv of the aiuoiphoiis nutal 
in still coinjiaiativcly low. tlu- tinu- cllect will 
he coiisuleiahle and ohvioiis, miu li as it l^ in 
(he cas(' of pitt'li, when- an atteiiint. to diaw 
it out or hciid it tapidiv leads to hiittic 
ruptiiie, while a sliuht sticss applied for a 
lon^ tiiiK' hiuies ahout a lamr- amount of 
(low or di'loittiat loll. At lowei tcmpeiatun-s, 
wlu-n- r-lioliuouslv Ipeliel \|S(os|tlcs h.i\(' to 
he dealt with, the tinu- I'lh-ct will not lx- so 
Hfipaii'iit, for tlu- Hiinpli- r«-ason that iiiuh'i 
any stiess whuli can lx- applied without 
oauHiiig imiiiediati- luptuie, (lu^ rate ol How 
in HO very minuti' (hat extremely louj? peiiods 
(*f time - ruimiii!^ in the ease of the hmh 
melting metals ti-sted at oidinaiy tcmp.-ia- 
tiires prohahl^ into yean or r-vi-n er-ntuiK-s 
iiiiist elapse la-fon- appn-eiahle nmvr-im-nt 
takes plan'. Only umici tlu- most diluati' 
forni.s ot test, where sr'iisitive exteii.someteis 
are I'lnpK'yod, tlieiefore, an- any siuns of 
viseoiiH hehavumr tt> he found m such matr-ii.ds 
an iron ami steel. 

Under any oidinary tt-nsile test, in which 
the load is applu-<l at a iiiorloiately f.ist rate, 
therefore, material of a certain (fruiU hi«h) 
viscosity will appear to possr-ss a fairh 
detinit« tcuHilc strength.* At hiydi teiuja-ia- 
tui'CH, where (he* viscosity is ix-KitivcIv low. 
this ajipan-rt sti-t-n^dh will he low also, while 
Ht low U'lnjioratim's the iUnoi)>hous .substance I 
will |>osHes« an apparently extrenu-ly hi^'h 
Htn-npth and Imnlm-ss. In seeltmu to apply 
this infeivnce to actual specimens of nu-tal, | 
however, it is I'ssential t<» la'ar in miiul that, 
as a rule, these will consist of an a}iii:rej;atc 
of crystals hchl together — on our hypothesis — ! 
by a “ eeinent " or layer of \iscous umler- | 
cooled amorphous metal. The behaviour I 


I under a tensile test w'ill therefore depend 
1 entirely upon whether the crystals or the 
I eemr-nt are weaker. So far as is known, there 
i IS IK) ri-ason to suppose that the re-sistanco 
of crystals to slip and iiipture depends to any 
eonsulerabh* exti nt upon temjx.*rature. No 
doubt the |,Mea((*r mobility of the atoms at 
, lii^^h ti-mix-ratures tends to render crystals 
softer when hot, hut that the enormous 
, iiieieast' of vi.scosity in liijiiids with falling 
j temperature cannot lx.- paralleled by any 
coire.spondmg change in the st'-ength of solid 
; eiyst.ils is oviiU-nt from the fai-t that the 
im ieaso in total strength found in crystallino 
rnetal.s over wide langes of temperature is not 
V(-ry great ; such a i-fiange may be as much 
a.s ten to one or lifty to one, while changes of 
xiseosity may fx' si veial thou.samifold. We 
sliouhl tIu-refoK- ardieipate that at high 
t<‘mp(-i,il iirt'H. no? f.u- below the melting-point 
of a metal, the ciystals will he miieh stronger 
than the amoi plioiis mateiiai of tiu' same 
eoiiipositioii, cv(*ii under tin- conditions of an 
oidiuaiN test. At lo\^ teiupeiatures, on the 
tdlu-i hand, we should antuipate the reverse 
iclationship, tilt (lystals Ix-itig miu-li softer 
ami wt-aki'i' than the amorphous material 
mdes.s \ei\ long periods of tune aie involved. 
This icI.itioiiKliip may he expre.ssed diagram- 
matually h\ (lu- (ui\es in Fi</. t>, where the 
full hue H-pies(‘iits 
tlu- as.sunictl lela- 
tioii.-Hliip lu-tweeii 
stiength and (i-iu- 
1 pei.iluie III the 
, ci \ st.ds of a im-tal, 
while the dotted 
hue repicseiil.s Ou- 
, same lelationship 
foi the apparent 
I .stn-ngth of tlu- 
' .s.ime metal in llu- 
anioi pilous ottiulition. Whatever the ju-eeiso 
.sliapi- tif tlu- (wo emves may lx- in any actual 
i ise; tlu- twi» curves must cio.ss at .sonu- point 
below (lie melting-point. delTne.s * li.us ealk-d 
tins ( rossing point, where the strength of the 
crystalline pliase is tlu- .same as thi- apjiarent 
Ntrength of the amorphous phii.se, the “equi- 
eolie.sixe ” temperature. This name, however, 
ap}M\us to Ir- .somewhat misleading, sim-c the 
apparent strength of amorphous material must 
depend on the late of loadmg or the time during 
which stress is alloweil to act. 

At teniiH-ratun-s above this crossing-point 
of (he two curves in Fuj. b we should antici- 
pate that both deformation and rupture 
shouhl miTur mainly or entirely in the amor- 
phous inter-! rvstallvie cement of a cr^'stalline 
aggregate, while at temix*ratures lielow that 
of the crossing -point, deformation and fracture 

* .b'frriox, Z , Awrnain fnM, uf Mdals J., It»17-I8, 
xul, xi. 
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fihouUi iKjfur mainly or entirely in the crygl^U. 
The behaviour <»f nuiat metals under sireaa 
at ordinary temi»eiature» fully U^ara out the 
lattot iafun-nce ; it was, m fact, as has btvn 
indiuate<l als^ve, the need for an explanation 
of the relativi'ly Rievt strength of mtor- 
erystalline huundaries uhhh first gave nse 
to the theory <'f an amorphous inter-crystallino 
cement. I’laetuie at mdiuaiy tem|K‘ralnn‘.s 
and in fanly slnut times al\\a\s oeeurs mainly 
through the erjstalsof u metal and m»t by the 
pulling apart (»f the eis'ital.s from one another. 

At liigh temperature.s, near the melting-i>t*int 
of the metal, houever, a \ery dilfermit stale 
of ulfaiis i.s eneounleitHl. One of the lirst 
ohseivation.s of this kind was made by the 
writer and .1. t'. \V. liumfrey ^ in their observa- 
tions on th(* mode «»f deformation of iron at 
higli f emperatnie.s. They ^fouiid tliat, at 
tempeiatoM'S in the \utnily of KHHl (’, 
while defoiniiition id the (i\stals (of ’',-uon) 
still tak( S pi K e by the formation of sliii-hinds, 
etc . yi't the amount of defoimation oeeiirnng 
in the ei>sliU lhemseui>s is mueh smaller 
than in non .it the onlimity temjHTatnre, 
and that this is (oinpcns.ite<l by a gieatly 
ini'ieased amount of displacement oeeuinng 
at the ii\4il hoe.nd.iiies, CorreHjiomling to 
this Ik'Ilimoui, they also f(»und that tho 
app.in'iit ten.sili* .'.liength of the metal ut tho.so 
teiJipeiatuies (h-jands upon the rate of 
stiaiinng, and lli.it the law » onneeting rate 
of (“\tfnsioii with th<^ stress apphisl i.s of a 
jMiaboln fo 111 Htroimly .snggi'suiig that the 
defoim.iti 111 whuh oiaius in. only in the 
bound. iiic'^ IS due to tlie tlow of a mkcou.s 
I npnd. 

'I'he matter was earned further by the 
pre.sent w liter and Kweii,* who showed th.it, 
under very light stresses and at femjieratures 
a few degree.s below the m*‘lting[»oint, a 
numlH'r of metals, imlnding lead, tin, alu- 
minium, antimony, silver, and gold, break 
with a purely inter-i r> st.illiiie fraiture, the 
ery'stals being ele.inly jmlhal away fn>m one 
another without themselvi's undergoing any 
ajiprei’iablc amount of deformation. It w.is 
8Uggest<sl th.it this observation might Ik* 
explaineil by the melting of verv thin layeiw 
of more fusible im[iunties lying in tho crystal 
Ixmndaiies, but the exfK*rimont, when repeato<l 
with gold of very high purity (lK*lieved to 
bo pun% even as regards gasca, certainly t^> 
one part in KXktMXi, and probably to one in 
1,00<),(KX>), still gave the same result. 

The obfK'rvations d<*«eribe<l above, which in 
one cas<’ at least were made in order to tc*st 
proilielions based on the theory of an amor- 
phou.s inter-crystallino ce^ient, must lie re- 
gartletl as fumi-shing strong HupjKirt for that 

‘ Uosenhaln and Kunifrey, Iron and SUrl InH. J , 
J. 

’ Rosenhain and Ewen. In$t, Metals J., 1913, x. 2. 


tlnoiy. A number of other line* of evideue© 
has, liowever, Imvii obtaimsl in fnither eon- 
tirmatioii One of these ulates to the l»o 
ii.i'-iour of metals in H'gartl to i olatihsatioii 
when licatoil i« t'nruo. Metals, im ludmg iron, 
silver, and platimiin, undergo an appiveiiible 
am mnt of vohitihsation when raisi'd to 
reliitivelv high lemiuialutcs ni lacuo, and 
this V •‘hitih-sitioM, '•ornhiiusi willi certain 
other in ti > 11 “*, siives lo H‘\eal their slriutuie 
when a previoi'-ly polished suifine is heatid 
in a va* uum higli emmgli to ]ne\ent taimshmg 
of the suifaie hv oxiihition. At the same lime 
the piece of metal umleigoes an appitaiable 
I 0 .H.S of Weight. t)n the Im.sis of the amorphous 
eoment theuiy it was nigned that metal in 
th«> liquid phase, evin if stronglv nnder-i ooUal, 
should have a InglnT vapour jiiessnii* at the 
same tempeialure us iivsfillnie metal if 
only on tin* giound th.it llie hit lei is the stablo 
ph.use. It was therefoie antmpatetl ihiU 
Volatilisation on lieating 1/1 ivirim hliould oreiir 
prefeienti.diy from the (ivstal boundaries, 
and theref.u'i* th.it a jueie of metal lonsisling 
ot a huge number of imnnle eivslals shoiihl 
los<* Weight iimre rapidlv than .1 I'onesjionding 
piece of the s.une imt.il lonsislmg of ii*hitively 
few' and large ( rystals, Kaik i imeiils made hy 
the w riter and Kwen on ymi , m1\ < 1 , and copper 
coiilirmeil this <‘om Insinii to a stiikmg evteiit. 

§ (li) !■ i iiTiini Cl Asiiu.iiA'noNs, A nnmlK*r 
of oth(*r projx'ilK's wliiih would iiasoiiably be 
anticipated m an amoijilMiis mtn •( r \ slallino 
l.iyei poKsesMiig the genei.il diai.u lei of under- 
eoideil liquid Ini', also been eonsnli red, and 
fiirtiu'i expeiimenl.il ev idi'in e in snpporl of the 
amorphous » emeiil theoi\ has been obtained 
'riiUH It i.s to be eonlidently aiitn ijiutixl 
lliat the iimoiphous and less sinble phase 
would }m> mori' tliemnally ait've than the 
stable « r) stalhne m.ileiial. 'I'hei lystal bmind- 
anes would llniefon* be likely to in t as 
f.ivoui.ible gioiind foi all kimls of ehemieal 
action, j..irlieul.iily sirn e the nalnie of a 
liquid would juobahly ullovs of ditTuHion with 
greater ease than the moie rigid slimture of 
a erystal. 'Ihese antieipalnuis aie eonfirrned 
by a huge variety of observ.itions. Thus 
pure east had, if cNjatsed for sorm* time to 
the action ol diluts* mtm a<id, is attacked 
mainly in the crystal houmlanis. If the 
minute lissures thii-* pnKiujrtal art' ojK>ned 
out by the lution of some external stresH, 
thin attack proiecsls rapidly untrt the eon- 
siituent crystals Ijceome entirely separateil. 
In brass also corrositm frecjuently occurs at 
crystal iKiundaries, particularly when the 
matenal is under stress, and such corrosion 
fa<^ilitatea “ wyison emeking ” (sts* below). 
Still more striking is the ac tion of mercury, 
or of solutions of its soluble salts. VVTien such 
a solution is brought int«) eoutaok "ith brass 
• R^MKDhaln and Ewcii, hud. Metals J ,1012, vlll, 2. 
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wfiich irt un'l<‘r K-nsidfinihlo stn-HS almost [ right rate to k(*(>p up with the rate of crystal 
ff.i.'tiiic results, metallic mercmy ' growth, a single crystal can be caused to 
rapidlv peiietratuig .il-.iig the etyst.il bound- ; “glow” in such a way as to occupy several 
(iiiiM In Homo himiH of luass (eoijsisting feet of the wire. 'I’liis laocess has been carried 
mimlv "f the .i piaiHi') this action of meicnry I out .successfully both with tungsten and zinc. 
iH ^uIlKiiiit to H.-|).ii.ite the crystals from one ' “ ,Singh‘-ciy.star’ wire of this nature lends itself 

anofhei wrlhout Ihi' aid of stiess, although t) expel iment.s of the sort indicattKl, and 

the >11 Iron IS mor(> i.ipid if the metal has some work of this kind has been earned out by 
pievimislv l>een slightly sti.uiied. J)n alii- j Waitcnberg.® He finds that the physieal 

minium .iho men lu v has a similar ai tion. dis I behaviour of the “ single- rvstal ” wire differs 

.IV the inler i rvstalline material at a very markeillv fr'un that of ordinary wire 


much fa.stei lateth-iu the bodies of lln‘ crystals. 

lleeently, oliservatioiis have Is'cn published 
indie, iting tli.it otlu'i- siibst.iuei'H besides 
imTeinv aio eap.ihh' of piodueing a prefeiim 
tial dissolving aition on Hu* inler-ci vstalline 
mateii-d. 'Thus Dukraison' h.is described 
a ea'K' where th^) solder on a piece of 
“manganese bioii/.e became lupud owing 
to the high wot king tem|)eiatuie of a maelune, 
With the lesiilt th.it tiu* lupud solder lapidly 
petieliali'd the eivst.d boundaile.s of the 
metal ami i .uMi'd its disintegialum. Hawdon - 
has deseiilxsl a ease in which pun* copper is 
ri'iuh'ied extieiuely buttle by tlu* peiu'tiation 
along it ' < ivst d houiul.uies of metallie soilium 
lllieiated elect lolvtieally from .v bath of fiiMsI 
Hodiiim s.iU Tfieie is also soim* evideiu’c** 
that gases p>iss into met.d mainly along the 
eryslal bonndanes. In \u*w of the f.vet that 
the ('Mslenee of anything in the n.ituie of M'al 
inti'istiees m tlu' ciyst.al bound. iiies is pie- 
ehuh'd hy the higlt meeh.anieal st length of 
these hound uies at :dl oidm.uy lempei.ituies, 
the iiifi ri'iiei' lioiu the obs(>rva( ions just de | 
scribed IS that llu'ie is an interstiti.d mateii.d i 
in the eiystal houndaiies which dillers in ' 
plivsieal .ind ehemie.d piopi'ilies from the i 
eryslalhiu' met.d, and th.it tins h.is propi'ities | 
winch closely' coiu>spond to tho.se whieh 
might he antieip.ited fioni uiuler - cooled 
iimoi plioiiH metal j 

The view of Seuisd that the elastic behaviour j 
of met.'d lods can best he explained by legaid- 
ing the metal as a mixtuie of I'lastie solid and 
VISCOUS m.iteiial, lias aliendy been lefeiied to. 
Recently, howevei, it his beioine j>o.ssible to 
veiify this view in a st liking in. inner, since 
pieces .»f metal of a substantial size, ami 
consisting entirely of a single eryst.d, have 
iH'Cfune av.idable, and jYsults of \eiy great 
importance h.vvi; been reached in the recent 
Bakenan Lecture* by ti. I. Taylor and 
Miss Klai^i Stiuly of the manner of 
formation of laiy* crystals under the most 
favourabh' conditions has shown that, by 
drawing a wire through a furnace kept at a 
suitable “annealing” temperature at the 

' Dickenson, f/ot, of Wrtn/s J., HV2(i, II. 

* itawdon. ilnn'n;/ <ifu/ MelaUuiVi/, lUgO, No. ir>8. 

* Itvroni. /fsai (ind St, ’ft Inti. J., lOl.'i, ii 

* Sears, Trans xxl. lO.'i. 

* D i. 'I’avtor and F. Klain, Ikikerian liOctiire, 
Itoy, Soc. /Voc. V, lt>23. eli. 043. 


consisting of a crystalline iiggiegate. The 
various anomalies of bcliaviour, siirh as elastic 
after- w orking, creep, etc., whiili have led 
others to suspect the presence of a viscous 
niati'iial in the will*, disappear entiri'ly in the 
ah.senee of crystal boundaries, and these 
' ex(>eiim('nls tlieiefoK* furnish impurt.iril eon- 
! liimatum of the ‘‘ amorjihous cement ” theoiy 
j ^( 1 ) Skasov (Tvokinc - .AnoHu*!' si'iies of 
jdieaomena ii'inain to be eonsuleied iii tlu' 
pie.sent eonne<tu>n. Some of the more 
common of these have long bi'cn known by 
tlu* unsatisf.'u buy nanfe* of “ .season ciaeking. 

' 'riie.si* have been most widely obseiv'ed ill 
1 bi ass which, in eerlaiii cireunist.uu es, ipjieurs 
j to uiid(*rgo Kpont.ineous ei.uking some eon- 
; suleiahle time .dter its manuf.utute. .\s a 
I iiile siu h eiaiking i-. ohseived only in aitieles 
whuh have been made hy some proi ess in 
whiih the nu'tal is seveiely eold-woiked, swell 
as (li iuing, st. imping, oi spinning. It was at 
one time thought tluit the f.uliiK* ot the 
met.d 111 sm h conditions w.is dm* to its 
(‘xisti'iuH- in a highly urist.ihle cold-worked 
eoiulilion, which might jieihaps k'suU in some 
soil of leeivst.vlhsation .leeomp.inu'd hy a 
eh.ingi* in volunu* h*ading to er.u king. It is 
now fully leeognised, howevi'r, that the 
ess(*ntial condition for “season i lacking” is 
tlu* presi'uee in the lini.shed .iitiele of internal 
stresses of eonsidi'i.ihle inagnitiuU, and that 
tlu* lesulting fiaetnre is of a speual nature, 
brought .ihout liy tlu* long-iontiuued action 
of fhe.se Intel rial stressivs. The ehaiacteristic 
featuie of the fracture is that it follows the 
I eiystal boundaries so that the crystals are 
pulled awav from one another. Tire same 
' material broken in the testing-maebine breaks 
' with a not mill fracture running through 
i Inglily disloiteil crystals, 
j Recently, the presimt writer and Archbutt’ 

1 have studied. this tv[)e of failure on rather 
I wider lines, including in their observations 
' such ditfcrcnt metals ns brass, certain alu- 
I nimuim alloys, lead, and oven mild steel, 
j They tmd that in all tiiese m(*tals, and probably 
m many* others, a purely inter-crystallino 
fracture can lx* produced by the long-continued 
action of stres-SMS much smaller than those 

• Wnrtonberg, ZrAsrhr f Elelfft^hrmie, 1017. 

’ Rosonbain ami .\rchbutt, iloir. Soc, Proc. A, 
I 1010, .\r\ I. 53. 
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required t4> break the maU'rial in an onJinary 
teat. In the case of the alinniiimm alloy, the 
futility with whnh hUt h inter tTyrttulUne frae 
tnre can \ h ' jtnxiiKtul la clost'ly ettrrelal^xl 
with the heat treatment and iiiiero atrueturt'. 
Ttx-atment whieh remlera this alloy entirely 
“ e<iin a\t‘d ' m Htriulim*, with eryntaU 
having Mriuntth houiulant'x, leadx to ra|nd 
failure under eontinue<l loadiii}' ; on the utliei 
hand, tht' Kinn* nuleiial treattxl so as tt> avoid 
the foirnation of lej^ular ery.stah with smtioth 
iHiundaries, c.in l>e rendeitsl eiitiielv immune 
aitainst thi^ tyjie of frat ture. In this idli'V 
also it is possible ttt rendtT the pioeess of 
failure Im inter-erystallmo s^'paiatioii suth- 
eiently rapid to make itsolf felt in an t>itlmary 
U'lisih' tt'st It this is matle to extend tool 
several hoiiis 'I'liiis a te.^t-pnse of the 
muteiial in its imtst siiset^itible (ondition, 
if loaded at tin* oitlinary i.ite, will leipiiie a 
stress of 21 tons [ler stpiaie im h to jinxlnee 
fiaeliiie, a load '>f onl\ 13 tons jM-i stpi.ue 
ineli, on the other hainl, will piixlun* fta<tiiie 
if allowed to act foi '»»• minutes In the ease 
of lead, botii east .iinl wiou;_'ht, somewhat 
similar phenomena have Is'en ohvi\(*«l. but 
owimt the softness of the metal oiil\ sh^hl 
stresses (Mil be :i|.j)lu*d, and fiaetuie tuturs 
onl\ .ifti'i a col iespondin;.d\ lono lime. Brass 
111 the Soft (anneabd) (oinlititm is subjet t t<» 
the sanu* limitation a fact whuh a(< ounts 
for the (oinmoii assn* i itioii of ‘ season 
(lackine” with (old-wnrk(d nutal. In the 
c<i.s«* of \er\ mild st<*el, <ni the othoi h.iinl, .i 
number of exarnph's of failure b\ irilei- 
crvst.illme fr.ictiiie have been observed in 
ease.s where tin' rnatiind has Ixs-n e-X|>osed 
to rorihideiable HtTe.s.ses for a lonj' p('ni»d (in 
soiiu* ease.s over 12 years), and paitieiilaily 
where the stei'l has bei'ii niaint. lined at a 
sh^litlv raised temperature. 

'riles** phenonii-iia, ami a number of others 
assmiated with tin in, ai'e nadilv explained 
by tin* amoijthoiis cement theoiy. It i.s onlv 
necessary to recognise that while in nfany 
cases the int<*i -erv st.dline cement is so viscous 
that under ordinaty rates of lomhnj' it is 
quite incapabh* of appreeiabh* How and 
therefore Ix'hav'i's hke a hard, strong solid, 
yet under prolonped loadinj^ it can and does 
How to an apprei lable extent. In some (itses 
this How' is extremely slow and may only 
become noticeable if the metal is kept at a 
high tem|X'ratiire for long jx'rifsls of time 
under heavy stre.sa. In other cases (hra.s8 
and the aluminium alloy) How at more rapid 
rates is possible. Some account must, how- 
ev'cr, Ix' taken of the nature of tfre ciystal 
boundarii'S themselves. AVhero these are 
jaggerl or irregular in outline, relative motiim 
of the tw*) crx'stals over one another, even 
if permitterl bv sufficient mobility of the 
“ ooment,” cannot occur unless the streas is 


siiftl* iently high to allow the numei'ous minute 
proj<*< tions to Ik* .''heared oH *>r (o be displncisl 
by trvstjilline slip, on the other h.ind, when* 
the lx)und.iii(‘.K no* smooth and legul.ir, 
approximating to pi. me suifai'(*s. riit*!- 
ervsfaihne slip itmi, nit im:it*lv , se|tiW.'ition 
will Ih* go'.illv till dilated. 'I'his ajijilic,iti"n 
«»f the aiie'i oh' MIS eirncnt tlu'ory t<i the 
ex[>lan.i iiMi .if “m.smi eiaikmg ' appears 
to idler ilu 'iih i.ili mal vnw i.f the inner 
mecliani'.m of -nh tvpcs t.f fracture winch 
h.us vtl U'en put fotw.ii*!. ll has he(*n 
somewhat h"lly emttov irt<d, but the obji-c- 
tmn.s laisr*! to it appear to lx- b.tstMl upon a 
failuie to M'ldise ibal ibe pi"pcltlcs of an 
under-moled V 1st 'MIS liquid must vary, from 
metal t.i metal and from tenqHi.iture (o 
lempei.itiile, aicoiding to the icl.itivc po.silion 
of III* true milling point 

jl (S) i'l VieiJMMJ AM) t>l I M HIM.. 1 111' 
llimiv of tbe I'Xistcnec, .iKUind tin- bound. iiy 
oi cvciv tlVsl.d, b'lWeVfi small, of a lavei of 
iimoipliouH mct.d Icnils ilsilf t" a leady and 
entirdv ionM''tent expl.tnalioii of a whole 
M-nes of ollici pin nomeiia I'lie most stiiking 
of tiles** IS the baidcimig and tcinpeiiiig of 
eert im .dhos (notablv st<‘(l) as tlie result 
of qiicrn lung from a smlable tempi ralute, 
followed, wlien* neiessaiv, by sniisi'queril 
tcmpelini; 'Ibe pbeiiouiena in the i ase of 
st('i 1 ale di .lit with in detail ilscwberc (see 
artiile on "Ibe lion-i at bo't ,\I1 o\m’';, ho 
th.'it tin-v 111. IS b*‘ vcrs^biiillv siinmmiiHed 
liel<* .St<*els .it high tein|M‘i at nr cs (.ibove 
tin* upper tiitn.d point) are known to i onsist 
of a boinog<*n< 'Ui'' solid solution of e.ubon or 
non laibnli m non In inire latbon sleeln, 
n-i inlcrisilv "I qii'-ni^ing yt att.uiied lias 
provisl hulbi n ut to retain tin- steel cntni'ly 
in tins mnditi'tn after eoolr'jf, but the 
b**h.uionr ot stis lw eont, lining nn kel oi 
nnmgani s«* indn ates tliat if tin* *,11011 solid 
solution ciuld be retained down to ibe 
onhnaiv i* mjM i.itnic it would not be very 
h.ird, and it would lert.nnly Ik* noti-magnelie. 
Aitn.illv, seven Iv qni nebed larbon xteel 
nmtains <inlv small areas of a constituent 
(auHtemte) mr n'sponding to uin hanged 7-iron. 
'riie remainih r taken tlie form if mailensitc, 
which IS int<*nsely hard, and also magnetic. 
On the view i.f the nature of iMidernng, vvhieh 
is l)aH4*<l on the .innujjhouH cement theoiy, 
the y-iion H<ihd solution has ^undergone 
incipient de< ornposition during the raj»id 
cooling pr(>c<'Hs whicJi iMSur's wlien steel is 
quenched, ami this ineipieiit deeomjiosition 
has taken the form of the fleveloj.mcnt of a 
very largo numlM*r of extremely minuto 
crystallites of both a-iron * and of eernentitc 

' Till* fact that luarf* rislte fonliiliis riiaterlal jkW' 
the tvjili.il atouile .‘p.icirig of «-lrori has 
recentiv Is-en (l<‘moii'*t rated bv X-ray met hods by 
Westgren, /rw ond .Stfd /r'st . L 
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(iron carliM*'). IJut ‘4 thaso minutn 

oiyMliillitort will l)f rtiiiioundod liy it« efivt*lo|M) 
of iiinoi j»lioijrt iron, wliii'h in ho Ini'lily vinooiH 
M t<i be m ctloit un intonni'ly hard .solid. If 
the tif'wly for lin'd ci yrtUllitcH arc Hiiflu-ieiitly 
Hriial! and iniinoroiis, Uu*. r(^sult,mg sUW will 
oordam a conHidiT.ihli' pioportion of amorphous 
ini'tal, and its mtciiso hatdtu'rw is thereby 
niadily explained in terruH of the ha.dness - 
alii'ady postulated from other Hourees of 
amorpiioiis iron. .\t the Haine time, tlio 
other propel ( k'h of tlie Hteel are readily 
aeeoiinled foi. Tlie pieseme of an immenhO 
nuinher of mieio ciystalliteH of a iron accounts 
for tlur ma^^nctie [iiopcrtics of hardened 
eiiihon steel, d'he ct-iioii of these crystals 
IS, of e.ouisi'. maf^netie, hut ita u-sponse to a 
inajj'netmni' (or d<gnaenetisu»);l Ih'ld is veiy 
Hcverely restinted hy the extent to which 
the atoms of the minute a erystallitiM aie 
(nikt'd with the adjacent non-m ranelte atoms 
of th<’ <unoi pilous ('('iiient. 'riu'ie IS thus a 
CoiiHidi'rahle reluctanee to heeome m.i>.pi('tised, 
and, once minuetised, a eonsidei.dile lesist- 
anee to heeomino dmuaenetised In tins w.iv 
the elosi' eori'elatioii helwet'ii m»anefie and 
rneelianieal hanliiess is le.idily <‘\plain«'d — .m 
exirianation which other tin uies of h.irdencd 
steel base hillieito failcil to pio\ide. l-'uithm', 
the pU'Si'iiee of miero-erystalhtes of iron- 
caihide h(*ivj,'s to ai’eount for much of tim 
ehemieal hehaviour of hardi'Ued and tempered 
sti'cl. It IS not Mil?pristn}' to lind that the 
two hinds of ervstalhti's should display a | 
U'luleney to ht'eome anauj'ed m l.iyeis 1 
oot r('spondinj' to the original rleavai'es »tf | 
the pr*>-e\i.stin^ eiystals of y-iiou, and .such 
an arrainjement would serve to aeeomit for | 
the stnietuie of intt'ilaeed needles or plah's | 
found in maf*eusite. Shalilly greater eoales- I 
eemm of the erystalhtes as the result of t('m- ' 
jH'nna aeeouiits for the dei'ieasuuj hardness 
produced hy lempennj^ at Hueee.ssi\ely higher ‘ 
ttMUperatmcH and also for the varying apjK'ar- 
anees foimd on etehm>i tempered .steels ! 
(troostite, sorbite, etc.). An inlerestmc eon- i 
hrmation of the view, which is fmulamental I 
to tile explanation of hanh'inn*' rm the 
amorjihous cement theory, that the hardness 
of i|iu'm'hed steel and of cold- worked iron or 
mild steel us tlue to tlu\ same cause, xi/, the 
j'resenee of an i.jnuaHiahle amount of amor- 
phous inm, Idii been obtained hy \\hiteley,* 
who luiH found that the pas»‘s evolxtsl when 
haixhmed 8t<'i'l is dissolved in certain acids 
correspond very closely uith th('H<> fi*rmed 
when strain hardemst mm or mild steel is 
tn'ated in the same way. 

The particular value of the theory of the 
nature of hanlening imlicato<l above is that 
it is directly applicable to any metal and is 

* Whlteloy and Tl.dllniond, Inm ami SUrl Inft. J , 
Cornegio ikhohniilp Memoirs, UU8, ix. 


not dependent upon the peculiar propertit* 
of non or carbon. This is now an essential 
feature of any theory of hardening, since a 
number of other alhrys arc knowm which 
umlrngo hardening in a manner so closel} 
analogous to tlu; hehaviour of certain alloy 
Hteels that an identity of mcidianism must l)o 
admitterl. A typie.d e.\ami>Io of such an 
alloy is that kiKrwn as ‘‘duralumin,” which 
cmitains about 05 jier cent of aluminium, 3 
to t per e<mt of copper, about 1 per cent of 
mauganeHe, and about j [ler cent of magnesium, 
a small amount of silicon Ix'ing also a necessary 
ingiodient. This alloy, when in the WTought 
eoiuhlioii, may he hurdeneil liy quemshing it 
from a tcmiioratuic near 500'' ('. Iminodiatel}’’ 
after such quern lung it is md hard -imleed, 
it IS tlu'ii softer than in the annealed and 
slowly cooled I'o^ulilien , gradual hardening, 
howi'ver, sets in after a few’ lioiiis, and Oon- 
Imues until an appioximntely hnal condition 
H I'caefied ill about fmir days. A numla-r of 
other aluminium allov.s are now known to 
exhibit Himdai tihenomeiia, as wi-ll as cm’tuin 
alloys of h'ad .\t lirst sight the analogy 
with sir'l l is not very evident, hut it lieeomes 
.so if it i.s ri'.ili.sed that in thesr; alloys (jm-neh- 
iiig can and does rel.iin the metal in the soft, 
high lemper.itUH' sl.ite eoi r('s])oii(hng to that 
of the •',-iri>n solid soliilion of sti'cl, much 
a.s can i«‘ done liy qnenehmg a manganese 
i*r a nickel steel. These allo\ ster'is, however, 
If thus kept soft liy queiu lung, can then 1)C 
hardr'ited hy slight liealing (ti'inpei'ing), and 
if it S(» liajipened that tlu^ oidm.uy teiin>eruturp 
of the lur weie such as tr) jaomico extremely 
gradual temj>oring, thr-n these' alloy ster'is 
nl.so wrmid gradually harden rf kr'pt at the 
(tnlinarv li'mperatur-e after rjutmclung. Arti- 
ficial ('ooliiig would inhibit such a change 
and slight warming xvould accelerate it. The 
litter is jrrecisely what ocoui's in the aluminium 
alloys ; if kept at voi-y hiw temjK'rafures, age- 
harrjeniug is inliihited, while it is accelerated 
hy warming to 100° f'. or oven 200'’ C. for a 
shrrrt time. Xriw the cause of hardening in 
all alloNS of this tyjie has been clearly re- 
r'ognised in relatirm tr> the shape of their 
eonstitutirma! diagram.s, and a principle 
applieahle to all such cases ran be stateil as 
j follows : hardening is due to the separation, 
I in an extremely fine state of divisirm, of a 
I erm.stituent wliich has been in srdid solution 
at a higher temperature and wdiich has first 
; been retaineil in .solid stdntion by rapid 
' cooling, and is subsequently allowed t-o 
j .'•eparate }^y some priKcss of tempering, either 
; at the ordinar}’ temperature or at higher 
I temperatures. The condition that such a 
pnwess shall lie jiossible is that a constituent 
^ must be present which is more soluble in the 
matrix metal at high temjieratures than at 
i low temperatures. 
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§ (9) Solubility anp Harpknino.— T he 
al>i>ve priiifiple eovcra the caees (*f all the 
alloVB yet studied jks \m*11 Mi that tif In 

the ahiiiiiniiini alloys, sueh coinjKiutidH a^ 
magnesium sih('i<le (Mg^Si) an<l the eomjHumd 
('iiAl^ show distuutly great('r mtluhility in 
84)lid ahinnniuin at a tem|K'riitiux> near (' 
than at the (»r<lin.iry temperature, while in 
the ease ot steel, iron earliide (Kej<‘) is \er\ 
»»lul)le in iron alsne 9(Kt' and is practieallv 
inscthihle in it at the ordinary temja*iatuie. 
The main difTeren< <*s Ix'tween these alh)\s ami 
steel arise fro ii the i irc urnstam <“ that w hile the 
soluhrlities < f tile eompoiirids in alnmirmim 
deere.ise gradually "ith f.dhng tenijM>ratuie, 
the gohihility of eaihidi' in ifori f:dls smhlenly 
to 7(‘io when lion umh'igoen its allotropie 
tiansformatioii The coaso(|U('n(‘e of this 
cireiinistanef' eonstiliites the^secitmi <!ifTeieneu 
- that whih' in the ahiinitiniiii alloys faiily 
rapid Cooling milinly inhihitx the si-pai-itioii 
of tlu' secomi phas(‘, in steid this wparatioii 
cannot Is' eritireh’ j)re\('nted- m o(h(*i words, 
steel tenipeis itself tiiat slight extent evmi 
dining the rapid eooling w hn h o((ui.s on 
mienelung 

The chl^e analogy hetween the hardening of 
steel iml tint of the alloys meiitiomsl h of 
pailunlai inqxatame from the present p<uiil 
of \ie\v Ih'(. iu--e It ,ser\es to slmw that any 
valid explanalioii of the soiioe of hardness 
in haifl “lied slctl must also Ik* applieahle to 
thesT' alIo\s All iheoiir-s wimh depend upon 
the speiial proptuties of iron in one or other 
of its alloliopie forms must ful entir'elv on 
tins gnaiml d'he howe\<“r, (hut tlie 

minute p.n tales or < r\ stallili's m whali a 
disHohed siihslance Hepaiatos from sidid solu- 
tion at a ii-latnelv low temiieral lire must Im* 
surioiindeil hy tliin arnorjihoUN envi*Iopes, is 
cijUally appluahle to all im-lals, and furnishes 
a lalioiial expl.ination foi the .ipparently 
\anel, Imt really similai, jihenomeiia wliidi 
are met in widely difTment mateiials. 

With the exeejitioii of tlie alroVi diseUKsioii 
of the th('<iry of hardening in steel and othei 
alloys, the whoh* of what has so far lieen s,nd 
in regard to the lM*ha\iour of metals under 
plaatio strain, fatigue, etc , has relatisl to 
pure metals. This limitation has Uvn ob- 
served in the first iristame for the H.ike cd 
simplifying the whole range <if jihehomena as 
far as possible, and in the seconti place because 
the exjierimental evidence ufion which the 
views advamed above are biwd ha.s Wen 
mainly obtained from the study <>f pure 
metals. W'hile this is moderately satisfactory 
from the theoretical point of view, it is un- 
fortuned t‘ly quite unsatiffaetory from the 
more practical standpoint, since the great 
majority of materials which are of any great 
practical importance are alloys of varying 
degrees of complexity. Fortunately, one 


\ wh<ile elans of alloys approxiinat<« very 
elowdy in its charaeteiistics to (hose of a pure 
imt.’d, and the »>h.s»'rvution8 imule on jmre 
met .its ao“ linatly appliiahle to this t\ jkx 

liKuolly s|s‘akmg, all alloys may he dividiHl 
into two group.'., .oeonling as tlu'V consist of 
(/f) iMunogcniiuis snhd solutions, or (//) of (wo 
or moix' distimt solid pli.i.ses or micro- 
con.stili sills *n m.t’iv of the alloys of group 
(//), howi\»i. It MUxt 'm> remcmlK'n'd (hat one 
or all of th(“ ( oi .htuents ate. as a mb', them- 
selves hJituiatcd solid sohitMiis. It has 
alieady Iss'ii in<h(al<‘d (hat (ho civstals of a 
homogeneous Solid solution Is'liaMiii a manner 
wlu«h, to all upj>eaivme^, is ideiKual with 
tint of .iy>t.ds <f a pure metal Thus tho 
l>lunomen.i of the formation of >Up. hands as 
thi* result of pl.isti* Hiram, ^ind the phenomena 
of f.iliL'i'e. aie suh'tanlialK tl same. 

§(lu) Soi.m Sm i lo'Xs Theft' is, Imw 
i \ei, at le.ist one veis iiiiporlant expenmenli.l 
f.iet will'll recpnies evplan.ition fiom the 
point of \iew of (he nlitioii of strength to 
tun lo-stnu tuie. This is the mllueiue which 
the pioseiee of all u<ided eleiiiiMit m solid 
s 'lution exi-its upon (In* mei liaiiieal propeitii's 
of the metal. This is, iii <'\eiy easi-, a haideli- 
mg and stiengthemng l•(Teel which is ait'om- 
p.inied hy a mo'e oi loss marked decrease in 
du< tiliiv In ollwr words, .dthoiigh (lie actual 
[ili<-nomen.i of slip within the eiysfals of a 
soh'l solution exp'isMl to H<“Sen' stiess appi*ar 
to he veiy similai to ih'i^e which occur in a 
pine inet.il, iheie is yet the very imjiorlant 
dillcieme* that a hichei .si n ss is jeijUind to 
jiioilm-e the plu iiomen.i. There is no oinious 
explanation ioi mk h .-i dilTeieme whidi can 
he found iliiMtly fioin, mieiosi ojiii“ examina- 
tion, MO th.tt foi an (Xphiiialmii we must look 
to such kiiowlcdgi* a-s we po.s.sess f the internal 
hinnliiie of the irystals tliemsehes. 'J'lie 
view' of eiystal striutine wliieh recent re- 
w'.iK’hes p.iilK ul.uly hv means of the X-iay 
sp's-troiiK t' f, apjs'ar to have (“stahlishwl is 
tliat of a I' gulai airaiigement of atoms upon 
Home detmite space-lattn e eorrewjionding t^i 
one of the jtossihle .'iriangements eoinjiutlblo 
with the eiystallme system to which the 
metui belongs lint, apart from the general 
shajM* or “sc In me” of sin h a spaeial nrrunge-. 
nunt, there tds<< apjM-ars U) Ik* h pailicular 
size or a parliculai intcr-afomic distance 
(diaraeteristie of tho erystnls of each matc‘rial. 
This scale of the ervst.il structure* is, no doubt, 
intimaUdy relatisl to what v.e term the atomic 
Volume of thq,metal. 

rpon this conception of the internal 
structure of a crystal it is jMissihle U) base a 
view as to the probable internal structure of 
a solid solution, and that view which, in the 
writer’s opinion, appears to lit the facts most 
reidily is that within the limits of “ solid 
solub^ty ” the crystals are built up of the 
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iwu kimh of iitoriH — those (»f tin* solvent 
inotiil iind of lh<> Roluto — in an in> 

(liHcnniituite itiaiiru'r. If the natural erystal- 
lino Hystcni as well as the normal it»ter-atomio 
fJistanec of lli(‘ two jiH'tals weie exactly the 
Haunt, Hin h a imx''<l stmetiiK' rouhl bo built 
up out of the two kinds of atoins in any 
|uop(»tlion the two metals would Ik) eoni- 
plelely is.mioi pilous, and would forw a con- 
tinuous senes of solid solutions I'lirther, if 
the factors n.imed neie truly identical in the 
two metals, then also tlnuc wouhl be no 
reason to aiitnipate that the nixed structure 
wouM cxiiihit any spi'cial [iropeitic's other 
than those derived from a liruMr lelationNhip 
with the judperties of the two purr^ imdal.s 
eomerrnsl. lint in aetn.il eases, where the 
two kinds of atoigs ne<‘('SHatily ditlei in im- 
portant respis ts, ('Vni if their atomic volumes 
are r-losely similar, siieli pnfeitly complete 
Thoinor plusiii can sciioely be antieipateil. 
'I'lii' fact, that solid solutions of considerable 
I'oni enl rat ion i an be foinied betwis'ii tvvo 
niet.ds wliK h are known to be V('iy far from 
comph'tely similar m K'j'airl to the factors in 
(piestion shows that, up to a (eit.iin point, 
(lissimilir atoms can be built up together 
upon tlu' spat e-lnttiei' aiiain'erneiit eliaraeter- 
istic of tint piedomiiiatuie; kind of atom. 
Where two iiiet.ds ant almost completely 
Himilar it rni^v b(« jiossibh' (o build up a rnixisl 
struetiiie out of the atoms of both iii any 
proportion, but tffe lesultiin' stiietuit' is 
likely to ('xhibit pi'opi'ities whnh aie not 
Inu'ar fum tions of thosi^ of tlu' two etuiiponent 
metals, because the whole miiei stiiioture will 
bt' mateiiallx alb'cteil as ri'emds its internal 
cohi'sivc forces, by Jhe slmhll\ iriiperle(t 
tit ” of till' two kinds of atoms into a simple 
spais' lattice cs\ slt'iil rtie uciuad elfeet of 
MUcIi a want ot coiuph'le "lit,’ whether of 
actual si/(' ( I of the tield <)f cohcsi\<' forces. 
Call U'st lie teyaided as produeinj; something 
in the nature of ,i slight ilistoi tion of the whole 
Hpacedattiee sNstmii Such niteinal distortion 
conespoiids, in a c(>ttam s(>iis,', with the exist- 
ence of a system of inteirial stress. Piobably 
the amount of any such distoition will be 
least for some p.ii tieular. possibly symmetrical, 
gioiipmg i>f the two kinds of atoms, and after 
prolonged *' annealing ’'^it a suitable tem|)cra- 
tine it s('('ms jn-wbible that tlu' two kinds of 
atoms will range thein.sel\ es in such n manner, 
since it irnpliea a minimum of intenially-storfMf 
ptitential energy It is this storagr* of energy 
tw the result of internal <li.st*)rtion which, 
in the ease of slightly rlissimilar metals, miiat 
set a limit to the ]iropoi1ion in which atoms 
of A metal (H) ean Ix' limit into the space- 
lattice of the solvent metal (A) -in other 
wonls, the limiting solid solubility of one of 
the metals in tlu" other. 

The effect which the slight internal dis- 


tortion of the space-lattice arrangement of a 
cry,stal Is likely to have upon its mechanical 
projKu-ties can be rcailily understood from 
what ha.s b<*on said above in regard to the 
micro-rneehanisrn of plastic deformation and 
<»f yn*l(ling under stress. Ductility, we have 
learnt to recognise, is I'sseiitially a property 
of crystals whu li posisoss perfectly dovelo|>ed 
; cleavage or gliding planes. The seiious dis- 
1 turhanee of the regular arrangmnerit of the 
' atoms in their space lattice which occurs under 
plastic strain hy the formation of amorjihous 
metal, results, as wo liave swn, in the more 
or less com|iloto destriiclion of ductility or 
plasticity. The system of well - dcvelofsal 
i gliding pl-ines is intei-feicd with and ulti- 
matciv is obliterated foi all praetie.il purposes 
! ~ while the nu'tal becomes siieees.sn ely haidiT 
! ami m re bntth^ On this vk'w it h evident 
, that a//y distiii h.anee of the pi‘ife<tly regular 
.irningeiiieiit. <■{ the atoms in u • ryst d must 
I imie.isf the h.ii«lness of the in, iteii.il liy giving 
the eiyst.il an ineiea.^d leust.niee In slip on 
its gliding oi ele.iv.Vge pi, Hies. fioiil this 
(soinewh.'it geonietii(Ml) point of view, the 
effect of the intiodin t ioii of slightly dilfeieiit, 
! atoms into a sp,u e kvttme systimi lesnlts in 
J a slight distoitioii oi “ loiiglieiiing ” of the 
i gliding pl.ines, so tint in the hist pkne ,i 
I higliei ,sties.s IS leijuireil to inili.de slip .mil the 
; tot.il amount of sh|) wlmh is possible without 
' fiaetuii* heionies le-s since mo\rnient on 
sin h .slightly distoited ‘ pkuies " iiinst hung 
with It niiieh gie.itei disloe.ition ot .vdjaeerit 
l.iyeis of atoms th,m in the e.ise of a piiio 
iiK't.d. 

'i'he above analysis (d the intern,il .slriictuie 
of a solid solution tlieiefoie oilers a very re.idy 
exiilaiiation of the f,iet that the suecessive 
. eddilion of a second eleiiieid entering into 
, solid solution iuings with it ineimsnig li.irdni*s.s 
and stiemith, .md aftei a time deerea.sing 
diietihiv or pl.istieity, and this seqiienee is 
th.it typically found in sohd-sohition alloy 
, svsti'ins. 'riierc is. how(*\ei, .i fni flier infei- 
j enee which, hy its stiikitig eoriesp(>ndenee wnth 
I oliserved facts, serves to strengthiui the validity 
I of the expl.m.ition heix' put foiwaid. This 
I may’ Ik' nxilised liy afipieei.iting the fact 
that, the less jan-feet the " tit ” of a given 
I kind of atom into the ap.iee-lattiee of the 
I solvent met il, the lower will Ih' the limiting 
ooneentration* up to which n solid solution 
, ean Ih' formeil. At the s.ime time, or, rather, 

: for the sjvmo fundamental re.a.«on, the internal 
distortion of the space-lattice, and therefore 
of the cle|ivage or gliding planes of the metal, 
will l>e giXMte.st with those atom.s whose “ tit ” 
is least dost*, so tflat the haixlening effect of 
a (lissoIvtHl metal may Ih* ox|HM'terl to lie 
grvate.st in thmse coses where the limit of solid 
i .solubility is comjiar.ativ'ely low. Whore the 
’ limit of solid solubility is very fow indeed — 
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SO as to amount, in fact, to subsianliat in* 
solubility — this inference cannot lie venluHi, 
but in numerouH eases uhere there is an 
ap}»r<‘cial)le but still hrmUKl range of solul 
solubihty the infertuue series to explain, in 
a striking and tuitisfattory manner, the 
relatix'O hurderimg efTetts of vanous metals 
upon one another. Thus, the limit of B(*hd 
soliilnlity of tin in eopp(‘r is very imieli lower 
than that of /me, and the h.irdenmg etTe( ts 
are, roughly, iu the mvet^* jiro|Hutiou The 
same comj>aiis<in hnlds goo<l in reganl to the 
effei't of Clipper and /iiw on aluminmm, and 
to a still mi'ie stnkirig degiee m the comparison 
of the etTcct of carbon and nickel on non 

The anali-is of the conditMn'^ alfedniL' slip 
and the foimation of aminphoim metal m 
ullii\s Consisting of two or more mnro- 
coiistituenls is a matter of nnuh greatii 
diHn‘iilf \ and ( an onl\ he afteiiipted, in the 
{ircselit state nf oiii kiinw leilj;,-. in HninewiMt 
vague and geiii'ral tniii'* lleie (he <on- 
stitiienls themsihi's aie, av a rule, salur.iUd 
solid Kolulions \Uiose tiliiie eoiiijilex internal 
ch.ii-U'tor has just hisui disoiissisl, mid in 
addition (he "imultaneous behaMoiir of 
dilTeient u>sials huMiig widely di)leient 
pioperties must bo (unsidercd as alletlmg 
the distiibutioii of stress and of deformation 
among the various eon''titueiit.s 'ilnuo is. 
also, tlie further coiiijiliuilion th.if the lehitne. 
Sl/e and ai langeii.eiU of the i oiistituents 
ufTeets the phislial plopelties of (iu> inateiial 
as a whole. Mine it detn minis nut only (he 
extent Ilf I rvstal hoiindaii <ind th<‘ amount 
of umoiplioiis maleiial present ill these 
hoiindai i( •<, hut also the degree to whuh (he 
moicments of the \arious eoiistil uents aie J 
link('<l togethei The prohleni, it will he .sei-n, 

IS thus a loinplieated one whose fai (ois iaiy 
widely in diffeient stimtuies. 

Jn the lasi' of an alloy eoiisisting of a 
relatively soft niatnx in which eoinpaiatiy ely 
few, small, hard (lystals of a s4'eon<l jihase 
are einhedded, it is eyideiit that (he physfial 
projierties and the general Ixdiaviour will be 
very similai to those of the pure metal , even 
a few small .scattered crystals of a harder kiml 
will, however, serve to stiffen the material as 
a whole, since the harder crystals wrve to 
key or link together groups of differently 
orient s! crystals of the inalnx metal and thus 
enable them to offer me reasrsi ^resistan* e to 
plastic sliji. The more finely divahsl these 
hard particles, the gix’ater will Is- their effect, 
and this is merely one example of the univerwU i 
rule which is afiplieahle to duplex or complex 
alloys even more strongly than to pufe metals 
or solid solutions, that i^ regarrl to most 
physical jirojierties, a tine structure is a<l- 
vantageous. 

In many duplex alloys, one of the con- 
stituents IS very hard but brittle, wfiile the 


other (prtHi(uniuating) one is soft and ductile. 
In such a cnst« jt is found that the materia) 
as a wholo will possess a \eiv eoiiMdiMJihle 
devciv i f *luetiht\, eomhiiKHl with ati ineit>aa- 
-iig degnv of -trength and haixlness, so long 
as fieri IS enmigh of the ductile constituent 
j in sent to eni <1 •( the hatxl, luitlle i onstitiimt. 
So soon, huweyer, as (ho hard, buttle eon- 
stituentji- present m siifhiient i|uan(itv to 
form Imki •! u(i eleim ,,ts of the strui tiirv, sin li 
lis a n>-twoik stir luundiin; the din tile con- 
stituent, the mateiial as a whole Ioms its 
rliictihty .md beinns to assume the piopnties 
of the haixi. luillle body, l‘.iilicul.uly v\ hi re 
hnttle m.iti'iial Is presnit m the fuim of (inn 
paitnles or of thin plalr-s enibedded m a 
duitile miteiial. ( h<‘ “natiiial" hiittleiii'ss 
of the h.wd liody is (<» a i oiisidci ahle extent 
rn.iskrsl The adjacent ^dintile mateiial 
appears lo ptote< t tlie liMtt!i* body fioin the 
mi nb ni e ol fom-s tMpable of lauNing it 
frailiiie, .md cmui to siippoii it to sui b an 
extent that it iindriuoe-. .1 icil.nn anioimi of 
plastic tiefonnation without frailiiie. Jii its 
turn the haul mateiial 'slilbus ' the ad- 
jaielit eiysfal.s of (he dm tile bud^ 'I his 
action is, of loui^e. more perfectly develojasl 
till* (losfi and nioie intimate (he jiixta- 
position of (he (wo jilnisi ,s . it is foi this 
reason (hat i|iieni litsi and tmiipeird stei Is can 
be obtained m a stale exhibiliiiL' veiy lemaik- 
uble eoinbiiiations “I strength aifd dnctihly . 
Ill (Ins (onditioii tiny ••xhibil an exfia- 
otihn.irily minute iim lo-strui (me m which 
soft ■ fenite'' and haul ‘ earhide' ,iie 
iiiterminglcsl. vy' n. 

MKTALS, TI1KK.’\L\L AM> Ml-Cll VNICAL 
TIU'ATMK.N T OK’ 

.Ar\in from the pun*ly mi talliii;.'iral pioeeB,s<*H 
emploved III the rxlnietion and piiiilii atioii 
of rm I Is, laMli thiTmal and ineelianical 
lie.rtmiiit may be icgaided as lx ginning with 
the o{x>iations of melting and l astiim. 

Melting Ilia) he [»rojx-rly 
n‘g.inh‘<l as piiieK a iherm d o|KTalii)n .ind, 
from the physnal [muiiI of ynw, it is a very 
himple one, ’he olijec t being to obtain (ho 
desired ipiaritrty of rmtal, of the eorrect 
eom|x>sition, m the li'jtiid state and at a 
tem|wrnture suitahle for easting. The (cm- 
p<T.i1im*« entailtxl must, of eoui-sf*, ''vary very 
widely aeeonlmg to the rnetal to lx* dealt 
with. Among those commonly employrxl 
st<x-l probably rlemanrls the highest t<-mfx*ra- 
tures. The melt mg- f aunt of pure iron is now 
knfiwn t<i lie in the neighbonrliood of 
but to obtain liijuirl strs-l in a suitable eondilion 
for manifiulation much higher tenijx-ratures 
are cm ploy wl, ranging up to Itr/tr f, and 
even 1700° C. Probably ne.xt in order of 
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r«*fr-U‘<4»rifi(*,‘i4 cornn nickel and ita alloys, 
n'fjin'nin' tcnipcraliiieH up to io<Kr(\ Jt is, 
lioMfU'i, ,i nof.il)!'- fact that certain of the 
inf4Tfnr(alli<- coMipoundH formed hy nickel 
atnl aliifiimmfn, and prohahly also hy nickel 
uitfi hotli alniiiijiium and cop(aT together, 
hav' vt-ry Ihl'Ii iiiclting-poinfH imicetl. More 
usual i\p' s nf alloys, mucIi an thoH(‘ of co|jjM)r, 
iat('ly (Icm iiid tciii|K'ratiij*cH lugl^T than 
Ihxr ('. oi I'JiKr and there are whole 
Hctifs of allovs, MiK h as those of aluininiutn, 
of lead, .ind ot tin, which nspiin* very much 
loucr tiaiipciatiircH, On the other hand, 
there aie eel tain metals, jiai ticiilarly tungst<‘n 
and molyhdennm, which require such extreme 
tem|»eia( lues for their fusion that it has not 
yet proved possihh^ to melt them in tiu' iu.ish, 
th(^ mam ditheiilty n'siding in linding an 
arlcquately lefraefoiy containei m wliieli to 
nu-lt I hem. In some similar eases, howi'ver, 
•this type of diirKiilty has hi (*n oveieonie hy 
iisini^ dll' mateiid to he melti'd a.n itn own 
coni liner. Ion (Ins pm pose a heaji of (he 
muteiial III powder foirii is [ilaersi m a watiu- 
cooled ho\ or loiitimir, and mli'iise eh'etric 
heatiri;; is applied within the mass of (he 
maten<d. A poiitoii (hen meU.s and is re- 
tained hy the cold and solid exteiior portions, 
'rreatmeut of (mies(eri and niolyiidenum hy 
siieli a method, however', is not as \('t an 
industrial pioicss. I'latiniim ami its allovs, 
allhoiiyh refimniit; fanly high timijs'iatures, 
rain In' readily iwited m contameis made 
of lime or magnesia, and thendoio present 
rel.itively little (lilheulty. 

The furriaees iisisl toi melting metals vary 
viM’v widely m aeeoidanei' with the tempera- 
tuh'S to Ih' emploM'd, and also m relation 
to (he <(uauti(y of Tmdal (o he melted at 
one time. Jiy far the most usual tvjm of 
furnace for the industrial melting of metals 
evt'u at tile [iresent day is still nothing more 
than a coke lire ui which a tinwlav crucible | 
IS heated, (las-tiitHl eriuihle furnae<*H are 
gradually displ.n mg those cruder ('oke-fired 
“ hoh's," and in the east' of steel crucible 
melting, gas furnaces ari' now almost exclu- 
wvi'ly used, as the application of the re- 
generativt' piiiieiple enormously facditaU's the 
economical attainment of the high temjwa- 
tures involved. 

Wheiv the iiyantity *'f metal to l>c 
is small, and partieularly if aeeuratc control 
of eoinporfftion and immunity from eontamina- 
tion aix> essr'utial, melting in enieihlea offers 
many mlvantagea. ft ia. however, relatively 
a costly process, and molting % ofien-hourth 
furnaces of vanoiia tvqK's is employed where 
tHiftaihle, In thesH' furnaces the metal lies 
in a l>i\th formed in the tlotir or “ hearth ” of 
the furnace, and the Hnnie— whether of gas, 
oil, or even pulveriatHf coal or coke — plays 
over the siirfat^e of the bath of metal. In 


steel - melting, where metallurgical refining 
aceorn[)anie« the process of melting for casting 
[riirposc.s, the ojien hearth is jiartieularly 
advantageous, and this tyjie of furnace has 
Ix'cn devcloficd to very largo sizes, capable 
of dealing with from 80 to 100 tons of steel 
in one chaige. These largo furnaces are 
sometimes so constructed as to be cajmblo 
of being tilted for the jiurjiose of pouring out 
the nmiten charge, although more usually 
the metal is drawn off through a “ tap-holo ” 
jucrccd in the walls of the bath. Furnaces 
of very much smaller size, hut operating on 
the same principle of th(‘ open bath of molten 
metal, aie also widely used for other metals. 

The melting ojieration in practice very 
rarely consists in tlic mete melting down of 
pri'Viously lucpaicd metal. Fveii where there 
is no imdalluigical icimmg process involved, 
the rnellmg process is generally also one of 
1 mixing or alloying. 'Fhe mixing of two or 
nioM' mebtls may l>e cuiricd out m several 
ways, r.e. a solid mot.d iiiav l>e tliiown into a 
iiioKen one, or tlie#niolten metal may bo 
p'Mircd oil to s(»lid metal contained m another 
ve.ssel, or two poitioiis of molten metal may 
he ponied one into the other As a rule, it is 
j important to selei t that method winch mvolvi’S 
the Iwest e\c(',ssi\e heating of any of the 
metals ismeeined. l\suall\, allo\H of known 
composition, hut mm h “iicher'’ than those 
titially aimed at, ait' jireviouslv j>re]»ared. 
riiH pielimin.ii v alloving hiis si'vera! important 
advantages, siuce it is found that these 
" iieli ” all ys aie neaily alwavs hiittle and 
can tluTefore he leadily ii'dinefl to small 
lumps or jiowdcr, which greatly faulitatcs 
weighing out th(' collect proportions needed, 
j Fqually important is the circumstance that 
I lus a rule these “ in h ” alloys are considerably 
more fusible than, at all events, (he less 
fusil»le of then eomjioiieiits, which again 
facilitati'H the opeiatioii. ;\s aa example 
we may take the (nsi* of the prejiaration of 
un*idIoy of ulumumim with, say, 4 per cent 
of eopjM'i’. T Im' ahiminiuiii, which constitutes 
(ho great hulk of tlie alloy, is first melted. If, 
now, the eopjior were added as jiure metal, it 
would require ii very high temperature to 
indueo the copfx^r to dissolve m the aluminium, 
and the whole of the metal would thus hav^e 
b) Ijo overheated. To avoid thi.s, an alloy 
containing about equal proportions of eop]>er 
and alnininitini is first prepared. This ia 
extremely huttle and is therefore easy to 
weigh out in the exact proportion. Further, 
this alloy melts eomjiletely at a tomiicrature 
beh>w 6^*' C., as compared with ItXw” C. o{ 
oop|)er (containing, oxygen). 

The ojieration of alloying requires fairly 
vigorous stirring in ortler to secure good 
mixing, hut want of uniformity in alloys 
cannot often be ascribed to this source. 
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Much weight is also sciDietimes attnchcHi 
the order in which it is snpixwetl Ui U* ncn es- 
sary to introduce the vunous metals «»f an 
alloy, Bmadly spcakiin::;;, this contention 
may be dismissed as being withi>iit scientiHe 
(or practical) foundation. A molten alloy is 
nothing more nor less than a liqiinl solution 
of the com|K>nenhi in one another, and- 
provided that there is no [irecipitation - it 
follows that the tinal e(|uihhnMm e.xistmg in 
such a solution must lx the same however it 
may lx produced. There are, a»eordingly, 
only a few sjKHial cases in which the order 
of alloying can play any imjH)rtant jiart 
The question of the maxnnum tem|H‘rature 
re<[uired to hrnig any paiticular iminxlu'iit 
into solution is a Tutor to which we ha\e 
aln-iwly refer red. hut tht re aie a few others 
Thus certain nutals are feiati\cl\ volatile 
(zinc, ciuliniuiii, and lead), atHl thesi' me apt 
to be partially lo-»l if introduced e.iily in tlu' 
ojKTation or if unduh Invited. Then, again, 
it mu.st lx l)orne in niiiul that duiing melting 
the metal i.h expoHo<l chumcal lendinn 
with its surrounding, s, whether .solid. ln[Ui<l, oi 
gaseous. Sonic tiudals are much more readily 
alTeited in tiu.s way than otheis. Thii.s 
magm^sium i.s apt to coinlune with owgen 
or nitrogen or both, and is thei<*f<tre la-st 
introdiued just before tasting, Cii the olliei 
hand, some metaU ami met.dloids (.‘^m h as 
phosiihoru.s) are dcbbcMtely mti"du<cd mto 
alloys for Hit' purfc'se of freeing them from 
some undesiitsl eunfaminalion, smh as oxnle.s. 
Here again it i.semimmHv desirablt* to introdnet' 
the detjxidant at the fircjMT tirnt'. sniee olher- 
wiso the all'ty may Is'eome re-oxidhstsi befoie 
it is cast. The s|»etial nature <»f these ex- 
ceptions will serve to show that the proeess 
of alloying in its<«lf is imlepemlent of the 
order in which the metals are disM<»lvtsl m 
one another. 

In all melting and easting ojxratmns it is 
neeesiwry to “ sU|K*rheat ” the metal, i.f. t<t 
take it to a temperature eou.siderably abtiwe 
that of complete melting 'I'hc (juestion arises 
to what extent thus is permissible, Thert' i.s .i 
widespread idea that if the metal -whatever 
its natur** -is made unduly hot, it i.s “ burnt ” 
and suffers in some way m its ultimate 
qnaiitiea. In sjxeml ca.ses theri- can lx no 
doubt that excessive sujxrheating isinjun<»U8, 
Thus alloys containing any ncdable pro|s)rtion 
of zinc give off dense fumes if ffeated much 
above their melting-point, and such loss of 
zinc is obviously umh^inihle. In all cases, 
indeed, oxidation, and the ahs<jrptinn of gases 
generally, incivases with rising temiwrature, 
while chemical action wit^ the containing 
walls, and with any slag or flux that may be 
used, also increases. It is, therefore, evidently 
detirable not to suixrheat metal unduly. 
At the same time, many alloys, just above 
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their nieltingpiunt, ap|iear to Ixj somewhat 
^ Visvous OI * thick," and gixxi mixing, and 
oven good easting, denuuuls a higher temjxra- 
tuix\ Jt should also lie staUni that eaix'ful 
e\|M'nincuts have shown that, iii smiie cast's 
I at all events, harm is done to metal when 
suixrhealisl »uiy if it is ilistuilxd (i.f. 
stirrwl or pour d) while excessively hot, but 
that, if ij IS h-ft (juiesceiit and allowinl to 
cm»l (ti'wu In-fore I'cing Jiiiinipiilated, little 
if any liaiin ^ done, (in the ofher han<l, 
the ni.ixinium t<*m[s‘raturi' to which molten 
metal 18 rai.M'<l m.i\ affect tlu' subsequent 
ei\ stalhsiition, but thi.s lomuHtion has yet 
to Ih* estalilished. 

i § (2) Ca.stimi. The o|xration of easting 
(.sometimes called " puuriiig " or “ teeming ") 
mu.st lx reganled as (ombmmg thermal with 
imxlmnical ticatiucnt ; fi^m the thermal 
point of view it is itiaiidv eomirtied with 
the effect upon the nieta! of cooling it thnuigh * 
the soliditicalioii range at vaiious raf<s, while 
inei haiiically lasting u* Jhe liml of the (»ia rii* 
lion.s einploved foi hiingiiig the metal into 
tlu' (IcmikI shajK' or foim the niechaiiical 
force einplovcil being the b\<iiostutic pres.siiro 
of the liquid metal itself, I'or the jiiiipose 
of secuiiiig a piece of imtal of any desmsl 
’ sliajx. 111 Tut, easting prcHeiits at oixo the 
siinph'st and the inoht perfect of jiroi esses. 
Ib‘C(‘ntl> the ho-ialled “ dve e.istiiig " j»ro- 
(‘cs.Hcs have been viuv i'oiiHiderabl\*ileveloped, 
ami by these it is poH.sil))e 4 '» oltl nii eastings 
having such aeeiinte sliajas that foi many 
puipo-xs eu'ii m.iehining or tmislniig can Iwi 
avoided. Tins, however, is only atlairiahle 
with (Cl tain spe< i.il alloys wlmh it is jHissiblo 
to fold*, uiid<*i consideiable jaessiin*, into 
strong and aeciirately ffiadi* im-tal iiiouhJs, 
Kven where such extreme aeeura^v of shape 
and size is not id»taiiied, however, the easting 
laii always is* brought veiv nearly t.o the 
desirisl diimnsions, and the <|uestioii there- 
fore ail s why cuHtings are not more cxti'n- 
sively OI , veil exclu.sivcly used for engiiuiTing 
jmrpowH. 'Fhe answer lies in the fact that 
in a great many inutcrials, and particularly 
in the Ixltei qualities of 8 ti*el, it is not 
jiossihle to obtain from the cast metal the 
best possible pihysnial pnqxiiics which the 
' mateiial can lx made to develop. 'I’he further 
I consideration of the e,u>ting jirocess will servo 
I to 8 ln»w the leasons for this dffliculty, hut it 
j should Isi j«)int<*d out that with improvements 
j in metallurgical knowledge and practice the 
; quality of eastings is constantly improving, 

I and that accordingly their use is extending, 
i Ultimately it may prove to be (lossiblo to 
! overi'ome the objections to castings in all 
j or nearly all cases. At present, how'cver, 
j the operations of meehanieal treatment, in |»r- 
ticular such os forging, roiling, stamping, etc., 

1 serve to bring the metal into a better conation 

2l 
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aufl alsd to.oliiniinto, at all events, all coarsely 

(li'f( I tiv(’ Diritenal. 

\I1 opi'rali'tfis, therefore, must be 

(jividrd jfdo tao dislmet ;'/on|>.s, aeeording 
,is I III- K-.-iiiltiiii: r.islmi^ H to he used III that 
form or is to hcivc ih the basis for forging, 
ro/lwig, ete. In the termer ease the liquid , 
niet.il H jioiired into a mould having tlie 
shajie of the ailicle to lie imaluyed, while 
in the latter the mould is shapisl to jinaliice 
the ingot or slab, as tin* ease may be, from 
whieh the tinal prodin t is to be formeil. 'I'hese 
dilFerefiees bung about material inodilieations 
in the conditions governing the easting opera- 
tion, but, none the less, similar considerations 
govern it in all eases. 

(’oMsidering first the produetion of shaped 
eastings, the tiist eonditum wliudi noist lx* 
Halistieil is that ttle metal inu.sl be sulbeiently 
fluid to till the mould riMdily and eornpleUdy. 

' 'I’lu’ e.\aet degiee of "superheat” nspiiied to 
meet this eondilion will vaiy vvilh the .si/e 
and shape t»f tiu' easting ami with the nature 
of tIu' moulds employed In siu.ill (astiiigs j 
of simple slia[>e ami uiufoim tlu< knes.s, no , 
very hot imdal is leqiiired, I'veii if metal j 
tnuiibU or " chills’’ are used. Larger and I 
more mtrieati^ (astings are geiu'rally moulded 1 
ill sand, and sueh sand moulds may be eillu'r 1 
“dry” or " green. ’ fii both elasse.s the ! 
Hiiud with whi( h the mould is made is distim tly i 
damp; when' the easting is made' in "green- i 
tiaml,” the immhLlias not been seriously dried, 
and tli(' molten metal as it enteis must 
volatilisi' till' water wimli is still present 
I’rovisiou must be made for tlu' easy eseapt' 
of the resulting ste.im, ami the lu'at ubsorls'd 
by the evaporation of the watei must also 
be provided fioiu the metal In “diy-saml ” 
easting th<j moulds are thoioughly diied 
or even baked befoie easting ; there ean U‘ 
m* doubt as to the greater dt'siiability of 
tins pioee.ss, jind its use is only limileil by 
the ineieased time ami eost entailed by the 
drying opi rations. Hioadly spiNiking, it imiy 
be s;iul for both kinds of eastings that tlie 
best easting tmniKuatuiv, in neaily I'veiy ease, 
is the lowest at wlueh the metal ean be leliisl 
Upon to till the mould thoroughly, and this is 
higher in “green” .sand than in dry. Any 
tcmiieraturo higher than tins i.s im»sl un 
desirable, for a \aiiely of reasons, Imt it is 
deeidcsily less so in most kinds of shaimd 
eastings *than in the prinluetion of slabs or 
ingots. Kveu in .shaisii eastings, however, 
the main objection to high easting teniiiern- 
tim's applies with great foree ; this is the 
fact that, by using unduly hot metal, the 
mould itself is very eonsiderably heated, 
and the rate at whieh the metal cools Ihixmgh 
the froe/jng range of the alloy »s therefore 
very considerably mUioed. Now, in almost 
every metal, the higher the rate at wliich 


solidification takes place, the finer the 
“grain” of the Resulting structure and the 
better the iihysical properties. So much 
is this the case that a thick and a thin jiorlu.n 
of the same ca.sting will give widely ditfen nt 
results under mechanical tests, simply because 
the thin portioii.s have cooled much more 
ra[)idjy than the thick. Castings poured at 
too high a tcnificrature, thcrefoic, generally 
show .1 (oai’Hc micro-structure and are weak 
mi'ehameally 

In the produetion of slabs and ingots for 
forging or rolling, the eonditions are .somewhat 
dilferent. These castings arc alway.s made 
111 metal ("dull”) moulds, and there is 
no qiie.stion of leipiiriiig the metal to flow 
through narrow and iiitneate passage's. On 
the otlier hand, the m.iss of nu'tal to be dealt 
with m a singh' jueee is very much gi eater. 
Hen- also llie lomlitioii th<it the lowest 
pos.sible liniperatiiro slioiild be employed m 
otdei to si'eiiie the most rajud available rate 
of eoolmg thiough the fri'e/ing range aitfilies 
vciy slionglv, amla.is a luK' lower ])oiirnig 
tenipeiatnies can be u.sed in the production 
of slabs ami ingots than for wimped eastings. 
On the oIIht bam!, it is ofti'ti necessary that 
(be surfaces of .siidi .slabs ami mgots .should 
be a.s ]»cifect a.s pos.siblc, simc detects iii these 
suifaies aie apt to piodme more .serious 
di'feets III till' lolled nialenal at Liter stages. 
If the metal is poiiu'd into «>ueli moulds at 
too low a ti iiipeiatiiie, liowevir, it is apt t«i 
form .small poitioiis of .solid eiimt v. lieiv it is 
eo(»led by tout, let willi (be walls of tin* mould 
ot by e\posun‘ to tiu* inr. Kiesli liriuid 
metal billing upon tbesi* little cru.sts may 
then 1 h‘ msullieiently hot to bring about 
loe.d lemellmg and fii.sioii, with the lesult 
that defects are {irodueed, know'll a.s "cold 
shuts," where adjacent portion.s of the metal 
ate not leally |)roj)eily joined. These and 
other liefi'ets, mainly alb'ctiiig the surlaee of 
j the ingot oi slab, ,ue liable to result from 
1 (».o low a easting temperature. 

{ In the ease' of slab and ingot mould.s, how- 
I ever, aiiothei eonsidr'ratioii arises in regard 
; 1(1 the rate at which metal is jamred into 
tlieiii, us well as m tegard to the tem|K*raturo 
of the metal. W’e may Ix'gin by considering 
I the iiiingmarv extreme eas<> in which the 
j entire mould is mstantaneously tilled with 
j molten metal, as imlicated m the diagram, 
i /’»'/. 1 (ft). Since the metal is mainly cooled 
j by contact with the whIIs of the mould, the 
; first {H)rtion to solidify will take the shajK) 

! of the shadtsi aira in Fif/. 1 (6). Thermal 
; coiitraetion due to cooling of both liquid 
I and solid, us vyell as such contraction oe 
' frequently aeooiiipanios solidification, will 
' pniduce a diminution of the total volume 
of the metal, with the result that the level 
1 of the residual liquid metal has begun to 
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fall, aa iii(Jioat4Mi in Fig. 1 (A). Thia pntreaa . 
will continue jn Mjccos^ive atiges, as shown i 
m Ftff. 1 (c) anil {<f), leaiiin;;, finalK, to the ‘ 
forinath*n of a rlet'p mitral contniction C4\ity ' 
or " pipe.’’ If the in>rot or slab is to la* mIIisI. 

It iscMilcnt that, m oixler to obtain waind . 
niutenal, the whole of the up[>er |h>rtion in 
whii h the “ pifie ” occurs must In* cut away f 
ami rennliiHl. In order to a\oi(l this costlx 
e.xiK'dicnt, efforts are made to pievent the 
formation of the pijs*. Tlut+e usu.iUv tale . 
the form — m non- 
f<*i rolls metals, at 
all eieiits -of en- 

deavourmo to jM,ur 

in additional h*[uid 
metal, and thii.s to 
maintain the levid at 
or near the top of 
the mould. 'I’lu^, 
however, IS only 

fiaitidfv Miiievifiil, as the metal in the ' 
mould 111 the hr^l mst.inee lapidlv foinis a 
suifaei' 'iKiii, [i,iitl\ l'\ s<<^difi( at'on and paitly • 
hy oxidation, with the lesiilt that the ini'lal 
Hiihseijiieiit !y added does not eoniplelely Join 
with that aheadv presiuit. If an myot poured 
in this wax i« .dteiwaidh nit tliiom/h and 
polished and elelied, the outline of wh.it would 
have been the e<»ntr!i( tion ( i\it\ lan i^enorallx 
1 h‘ (leaily seen, althou^di the <a\itv itself IS 
fdled by .1 Jilui:, or.seXC'I.il MJ((‘essi\<> pluf.’''. of 
met d . and lot ni.iny purjioses, sm b .is e.xtiu 
Sion (see bel )w), an inyot liaxmy, tins .slrueture 
IS unsali'da' toi V. In other eas<-s. sinh as i 
stei'l, .iny such “ follow ini' up ’’ ojK r.i- 
tion Ml e-istiiiL.' Is impraetie.vble, and 
entirely different devices no irn- 
jiloyed I'or l.iroe itiijots partieul.iilv, 
one of the simplest of tluse is the 
fuovision of what is known as a 
“fissler hen«i " d’liis i.s simply an 
evteii.sion of the inctot mould upw.irds, 
in the mannei rndn-ated m F>g. 
at H, H. Til!.*' extension is. how- 
ever, eonstnieted of iirebrick or other 
rnatiTial wliieh does not allow the 
molten metal to i-of I so ijuiekly as 
that in the moiilfi proper. The liquid metal in ! 
the “hc.id” thenffon* servc.s as a reservoir from ; 
which the ingot pro|)er e.in draw n supply ns 1 
eoolini; and eontniction goes on. The ojwn-air I 
surface of the metal in the feediy head, how*- j 
ever, is apt to solidify and thus to hinder the j 
downward fhnv or ’‘feeding,’* .and to avoid ! 
this Hadfield • h.ss propmsed that this surface ; 
should lie stnmgly' heated- -in the ease of sttvl i 
by nie.ins of coke and a jxiwerful air-blast, but ’ 
an oxy acetx Icne Ha me or thr chctric are could 
equally Ik* used. Whatever metal remain* in . 
the feciler head when the whole has solidjfie<l 

! 

* n.nlflcld and Tturgi-ss. " Sound .Steel logoU and I 
Rails," /roil and SUeJ Irnt. 1U15, 1. I 
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niUHt, of course, lie rejiH'b'fl, but fcs a rule all 
that is left then* is a fhm shell. 

.Another method of avoiding serious I'on* 
fraetum lavities m a solidifying slab or ingid 
is. howivrr, available, mon* |».iriieulatly for 
smaller maK'»l^ if metal. Consideiatum of 
Ftg. 1 will ^Ilow at once that the vohiim* of 
the I'ontroton cavity, for a, given alloy 
having ar h 'ii He niti of loiitiaelion from hot 
lupiid to t‘ Jd Solid, must he proportional 
to the total an oiint of hmnd metal ]»reH*nt 
111 the mgol mould. 
We h.ive Mippowil, 
for simiilieity. that 
the mould was in- 
st.intaiieously lilha) 
with liquid midal. 
so^lliat no fn‘e/iiig 
too! pl.n e w hile the 
mould was In'ing 
l.lled. On the (dher * 

hand, we might suppose that (he same 
moiikl was idled in a \ei\ l.iige niimlx'i 
of stages, on!v a little liquid nitdal heing 
poured m laih time and tins being allowial 
to solMlify b< fore niori' was added. Since 

the tot.il volume of li<|iiiil pie.sent I'acli time 
is .small, the re.Miltin(' (ontiaetion (‘iivity 

must be snudl also, aifil we should have 
lilhd out niouiii without iniiiiiing th<* foima- 
lion of a huge pipe. In [)i.uf!ee il woiihl, 
of lourse, he nnpos.s|h!(' to piodssl m thiH 
manner. Mine we should /Tlivi* bad jomta or 
" cold shuts hi'lwem l•.o■h sueeCssiM' lavel. 

It is, however, pcihstly possible to ajipioxi- 
iii.ito to tins method of hlhm.' an ingot 
-p-j ('I slab mould by so timing the rate 

I at whnh moling metal is allowed to 

run into it that then* is nevei more 
than ,1 small amount >f liquid in 
the mould at one lime- the molten 
iiM l.d IS nm in at iis iieaily as poa- 
.silile the I. lie at wlmli it solidities, 
ioiH men ly m.iintamuig a hiyer -- 
piilnipHiifeM imlustliKk- of molten 
^ met-il on top of the solid aiieady 

formed. Caieful, st<',.dy pouring — 
genenilly l»\ rneehmiKal aids - is 
ehwntuil, OH will as aeeurale (ontfol of the 
r.ite of Ihnv, olhirwiw "lold shuts*’ and 
surface defeets make their apfiee ranee, hut the 
rnetho'l IS jicrfeetly pMctieable and Hueeessful. 

Unsoundness in easting*, whether Kliafied 
or ingots, i,s not always due to thefoimation 
ryf eontnietion cavities, but may also anwi 
from the lilK*n;fion, diinrig fre<*zing, of gafl<*s 
present m the molten metal, 'riiis phenomenon 
18 often met with in the ease of aluminium 
and its alloy*, and to a still more striking 
extent if attempts are morlc to obtain eastings 
of nietallie magnesium if this metal lia* bicn 
melted in a manner which allow* it to take 
up hydrogen ga«. In the majority of nictftl?. 



420 


MKrAIX, THERMAI. AND MECHANICAL tBEATMENT OP 


liowovcr, iiltHoii^h th'Tfi is probably always any contraction cavities or gas blow-holes 
some lihrr.itinM of (luring the freezing which might otherwise form in the steel 

process, the resulting defects can )h‘ miniiiUKed would 1 m' immediately closed up or filled, 

by avoiding all overluMting of the molten ! This no doubt occurs so long as there is 
iiH'tal and reducing, as far as jxissiblc, the | enough liquid metal prestuit to allow the side 
exposiiie of the hot molten metal to injurious of the mould to produce large hydrostatic 
gaseous atmospheres. A ease of |M*euliar pres.sure. So soon, however, as enougfi 

(hniculty and importance is, however, pre- metal has solidified to form a shell or crust 
sented by stisd. In tlu' melting aiW refining j whndi can resist the pressure applied to the 
of steel a chemical reaction takes place I movable side of the mould, the remainder 

hetueen the c.iibon present m the onginal j of the metal must sididify under ordinary 
metal and o,\yg<‘n which is presimt in the I pressure and, what is woiw, in a closed space 
molten stisd as iron oxide. 'I’his reaction m which a particularly unfavourable tyfie of 
results in tin' formation of carbon monoxide i cavity is likely to bo fornu'd. Much sounder, 
gas, and during the later stagi^s of stc'cl- ' fnun tim physical point of view, is the Har- 
melling 111 an open-hi'aith furnaei*, for in- ! met compression process. Here, by power- 
atanc*', the metal is seen to Iroil ” as the | ful hydraulic lui'sses, the solidifying ingot 
gas cHcipes If jhis reaction is (oinpletely [ is forced ufrwards into a conically taiiering 
finished before thi' steel i.s poured into the j mould, d’he in;^ot is thii.s cxposi'd to eornpres- 
ingot moulds, no fnilher tiouble arises; the sion which is powei'ful enough to squeeze 
stci'l is Slid to be “ d(‘ad iiK'ltetl," and li<“s i th«‘ last poKioiis of li({uid out at the top of 
quiescent in the inoiihls Hut if the nsietion > tin* masH, 'I’lu' result is highly satisfactory, 

IS still incoiiiph'te, the evolution of gas but the cost of thi' process makes it impossihle 
eontiniies and iIk' stiel tr nds to rise in the I to a[>ply it except ir/#ip('( ial case's, 
mould, mueh as amatiHl h'inoiiade “iisc's" j § (3 ) Skokkoatios. -- He\ond the phenomena 
when poured info a glass. 'I'his tendenev arising from contraction, solidifying masses 
to ri '.' has Iss'ii utilised in order to coimteiai t 1 of metal, and particul.iily of alloys, are 
the formation of the naliiial shrinkage iMVity 1 subject to unotluT type of internal action 
which would otherwise he formed as a central ' which also militates against their homogeneity 
jtipe, and in that case thi' shiinkage of (ho i and soimdiK'ss. This is the tendency, very 
steel mak('s^ its appeaiaiiee in the form of a ' marked in some easi's, for the .segregation 
large niiridrcr of hlow-holes or gas c.ivities | of \aiious constituents in ditTeieiit ivgions 
lying ne.ii tiu' peflpla'ial part.s of tin* mgol. ' of an ingot. The causes and iin*ehanisni of 
It has Is'cn tlnaiitht that such relativelv I such scgiegatioii art* not, as yet, fully under- 
small cavitit's ail' haimlcss, as they may he j stootl, although it is evident that dilTerenees 
oxpeett'd to weld up during foigingaml rolling. | of fusdnlify m the vaiious .solution.s which are 
Imt tlu'i’c IS good it'Hson to doubt wht'tht'r j pivs«>nt m a nu'tal must atfeet the arninceinciits 
this oceiirs, and mpdein piactna* demands j of tin* constituent.s in any large mass which 
iX'ally Hoiiiid, " dead - melt<*<l " stt*el. The ' is cooied sonn*what slowly, d’hus, if there is 
eonlinu'viu<'< of (hi* leailnui between iron j a st'paration of primary crystals which are 
oxnh* and ('artion m tin* st«*el can, however, j to a eonsnh'rahh* extent “ pure," I'.c consist 
1 h' r(*adily arr'cstrd by adtluig to the stt*«*!. | of one piimary constituent more or le.ss free 
cither just Ix'forx* it is tak(*n fixun the furnace | from disH.tlved ( lements and iinjnmtics, 
or while it is in the ladle, some powerful | then the residual li(|Uid, after a certain 
deoxidaiit which rapidU ii'Uioves all the iron ! aiftoimt of solidification has taken place, 
oxide pn'sent, rt'placmg it liy an oxide which i must neoivssanly Is' richer m d'.ssolved elc- 
is not capalde of rx'diiction hy carbon. Hoth ' rm*nts or impuiitic.s than the crystals first 
silicon and mangane.so act in this manner, fornnvl. In these cinaimstanees we should 
but the most powerful agent for the pur|>ose j ex|)eet to find that the eential portions of a 
is aluminium. This rapidly reduces all iron large ingot, which an* the last to solidify, 
oxirle and n*plaees it^liy alumina, which is would contain the highest proportion of dis- 
iiniitiacked by, carbon at steel-melting k*in- solvcsl elements and impurities. In the case 
jH'ratunxs. of .sHh'I ingots of considerable size, where ^ 

In connection with the production of truly solidification is unavoidably slow, such a state 
nound ingots, st'veral ^{lecial proce8st*8 have of affairs is fretjuently encountered ; just 
been intnaluced which seek to secure the below a “ pqx) ” particularly, there is fre* 
desiriHl envl by niei'hamca^ means. The ; qiiently a n^gion containing a strongly marked 
first of those is the Whitworth “ fluid eompres- ; segregafe, rich in carlxm and generally also 
won" process, in which the liquid metal is ^ in sulphur, silieoB^, and manganese. By suit- 
poun'<l into a cUhmhI ingot mould having one j able design of tlio moulds and regulation of 
movable side. To this side intense hydraulic the rate of U'<aiiing (or casting), the forma- 
pressure is applied in a suitable press, w'ith the tion of these segnegated areas can be comsider- 
idea that under a high hydnvstatic pressure ' ably restneted, and their injurious effects 
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can then be completely eliminated rt‘- 
jecting (or “ enippinii ”) the upjM-r {xirtion 
of the »ngot OR well ag a uinall }>ortion 
from the l»a«e. For jmqwisea whore the 
highlit {{uahty is required, this cropping 
aometiniea involven the ri'jeetion, at the 
outiM't, of nearly uno-half of the maas of the 
ingot. 

Apart, hov^ever, from these aetioiiH, which 
are to wane ext^'nt dejamdent ufion the tnder 
in which the \anouH constituents undergo 
solidification, there is an entin-ly diflfertuit 
type of action winch occiira m certain eaues, 
where it is sometimes known hy the rather 
unsatisfactory ti'rm “ liquation.” This has 
been ()l)s<Tved with particular eaiv in the eu-se 
of ingots of the all<tys of pn-eous metals, 
since it ti'nds to interfere with the pnsluetnin 
of ingots of Hufh< lent unifoiinity to ser\e as 
standanls for as-ny pur[Mts(>(f Sninlar pheno- 
mena have. f»<iwe\er, furn ohsi'CAeil in other 
allt»)s, siu'li as those* of aluininiiim with zinc 
and eojijM'r. In the ease' of gold-siK e>r allo\s 
ri( h in gold, and in I- c corresponding ease' 
of th(' alumnnurn allo^s ikIi m that me'tal, 
one Would, fioiu tlie point of \iew’ of oitler 
of solidification, e\pe*et to tiii<l the central 
{Mirtions of the ing<.ts appree lahly richer in 
silver or in cojiper arnl zinc n'spectively. 
Actuallv, tlie eontrary h found to Im' the 
ease, although onl\ to a stiiall extent (usually 
a fi action of one |ici cent) This only 
ooenns, however, to any appri'ciahie <*xteni in 
the case of rclativciv sniall ingots whieh 
have U'cn cast in ” e lnll ” nioulels. The 
whole matter has not ksn studied sulli<*iently 
exhaustivclv to allow (»f a e'oiiiph'te explana- 
tion, hut It is evident that tfie formafion of a 
stev'p temperature gradieiit withm the midal 
just pri- r to solidification is cssi'iitial for (he 
priMlnetioii of the phenonienon. It may 
thon'fore lx* suggesti'd tfiat, in the liqiinl 
metal whore tins stisp tem|K'rature gradient 
exists, a < hange of conts-nl ration oeeuis 
tending to efjualise the o.sinotic jiressur^ of 
the dis.solvisl substances in adjacent portions 
at different tern {>erat urea. This wouhl leail 
to a eoneentnition gradient in the opfiosite 
sense to the tem|x*raturo gradient being sot 
up, and such an action would hnne nfsnit the 
kind of segregation which is found in such 
rase.-. There i.s, however, as y<^t no exfieri- 
mental evidence that such a concentration 
gradient ran be set up in a metallic solution, 
and the fact that many dissolved elements 
do not ” liquate ” appears to indicate that 
there must be other conditions which affect 
the fontiation of such a gradient, • 

Apart from all questi^ms of segregation, 
there are very considerable differences in 
structure and physical properties between 
the outer and inner piirtions of a easting 
such as an ingot. Particulady where a 


chill ” mould has fxv'u ustH^ fho outer 
I jMirtion shows what is known as a ” ehill” 
stnieture, consisting of elongati'd ervstals 
I I'ldiutnig ill wanks at right angles to the 
surface of the mouM 'Die inner [H>itions of 
the ingot, on the other Imnd, exhibit a 
! structure lonvisimg «tf nv^tals iippnixmiatcly 
of iMjual diinei -ions in all directions usually 
ealltsf ’ .Mini axed ” The manm^'r in which 
l>oth typos of ervst .! art' fonmsl is discuKstsl 
elacwhi'n' (»-o iu*ii!c on ‘‘Metals and 
Allovs, Micro s(iin turc of ' For the pnwnt 
pur|Hia4‘ we art' mainly mnccrnis! with the 
fact that the iiialeii.i' pos'sessnig tile's' dif- 
fering Htnietures also difb rs to some extent 
III physical pro|H‘rlies, and it hot'oines desir- 
able to isjualise thcK' as fai as jMissible, even 
ft»r f«»rging and rolling jnnpo'tes. Wiiei'c a 
easting is to la* used v^llioiil meehanical 
woiking. then' IS the fori her consideiation 
that, owing |4) the fact that the external* 
and (hiiiner jHiitions of the casting solidify 
Ix'foie the mteiior and thn ker jhuIiomw, severe 
mteinal stresses due to theimal nuifraetioii 
are liabh* to lx* prewnt ; easlmgs, in fact, 
not infnqueiillv ( i.e k diiintg oi after cooling 
III I on'«'t|uene<> of the sevintv of su< h stresw's. 
Ihilh these defo< ts Can Ik' tenn<licd. more or 
less completely, li\ tchi'ating or “ annealing *’ 
the easting in a suitable maiinei. .\h far as 
tin* leiiKtval of internal slicsws is eornerned, 
this apjilics to eastings of all melals ; hy 
heating them to a tem|snature high enough 
to alhiw the mul'‘fial to adju.-t itsilf slightly 
uinler existing inleiTud htn-ses, and siibw*- 
qiieiitly eoolmg at a rate sullicientiv slow to 
iivoifl tin' Milioduclion of new coiitiaetion 
stres.'S"', tins result is aeeoniplished 'I’he 
n fiiiement and i (jualiititi m of the mtenml 
eiystalline stiuctnre. however, is a much 
more diflji’iill matter, in many metals, and 
partu'iilail} in thosi* wlin h <h» not pass through 
any allotropie or critical ( hanges on cooling, 
it app* .rs to Ik* verv iliOiciilt, if not innHissihle, 
to bring .ihout any reariaiu'cincnt of nitenial 
Htnictiire m an unwroiighl casting, and in 
that case the strinlnre once imjtresw'il iqsin 
the material dunng solnlificalion renntinH 
with it until it is n*melUsl,‘ To ‘*oni(* extent 
this is true •( steel, and applies even iifi<*r the 
application of a large amount of medianieal 
work. Hut it ia true in that case imly to 
the limlHsl extent that the otigmal crj’stal 
stnieture of the ingot leaves tniies in the 
final stnieture of the stifl which can c>nly 
fxi elimiiifttcKl- if at all- with extreme diffi- 
culty. Thus the handed markings seen on a 
pcilishm! and etcheil eroHS-seetion of a steel 
rail or a Ixiiler plate, when cut longitudinally, 

i ‘ Ewing awl Rosenhain, Roy Soe. Phil. Tran$. A. 

' 1000, "The CrystalHw Hiructiire of Mefals, .Hi'cund 
Paper”; Carpenter awl Elarri, " HeiTystalllzatlon 
; awJ Crystal Orowtti," Inti, of MrViU J., 1020, U. 
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ftro ll»f' linml <l«!HCPfi(lMrit8 or n-preacntatives | 
of thn (U'odritio <on‘M of tlio primary crystulw j 
formed v\ fa n tin- in^'ot, solidi(i(‘<l. This, ; 
liowcvrt, afiscH soh'Iv fiojti ilio fact that ' 
rioiMC of tlic diH.'toIvcd impiinlicM. which aic 
p)Hlic(| into tlx- Oiilci ictfiotiM nf the original 
ilciidiitcs diirmi' fici'Ziiic, only ddliiHc witli ' 
extieme slowiifss, .so thill cvcM when the 
steel Im.s lieeti M'peatullv reeiysta^lisi'd in 
tlie eomse of 1 hernial and meehame.d , 
tieatnient ^ llii'y retain their oiiginal lelative 
position in the mass, their shape lieing ' 
nieiih eh.inged in eonformitv with tlie , 
change of shape which ha.s been imposed 
njion the entiie ingot. j 

heaving .isidi' ihi.s special feature, howevc'r, 
the inti'inal stiiKlnri' of a metal sneh n.s 
steel, which p.i.sHi'H tlironirh enlieal eh.inges 
on heating and cifthng, can he changed and 
ndined hy Hnitai>le heat tr«>atment. The ! 
/ii'igmid eoiii'se eiyst.ds can he hrokem up intc* 
many smaller one'j, while tin' ilistrihiifion 
of non di.ssoh I'd iinpiiiities ejin he advaii- 
tagc'oiislv altered in rc'gard to the latter 
type of change, the etleel of annealing on 
th(' di.Ht I dait ion of sulphide"' m stei*! ea.stings 
may Is' msiamc'd. In tin' (onddion as ('a'^t, 
these sulphides ah' apt to In' m films m tin* 
eivstal houndiiries, wln-K' they utTeet tin* 
strength of the iiu'tal most mjurioiislv 
^\'hen tin* ivistirig is piopeilv antn'aled. 
the.se liliiis tend to eoiih.iet into dc'taelied 
gloliiiles, pit'sumal^y undi't* the action of 
suiface tension, .'ind m this latter foim are 
inneli le.ss injiiiions, 

§ ( 1) .M Kcii AMc \i, P!!(i('i:ssr,s Itetnrnmg to 
the c'oiisnh'iation of ingots, sl;i I i.s. etc , w<' h.i\e 
next to eorisider the iin'elmnic.d pioeesses hy 
which they iire to Ih' ISrmight into the de.sirc'd 
shape' .ind condition. Tin* o|H«rations cm- 
ployi'd must in'cessardy vary no( only m 
accordance with the iiatim' of the metal, 
hut also according to the c'lmtaeii'r of tin' 
tinal product to lni ohtaiinsl Long olip'its, 
parlieiilai Iv if of snuill di.imctoi or of llat 
ac'ction, such as plates, sheets, rmls, etc., ate | 
always produced hy the jinx'isa of rolling, 
which may L* appliisl to the nu'tal when either 
hot or cold. Still thinner sc'ctions, siuh a.s 
thin rod or wiix*, arc usually produced by the 
preieess of “ I’old drawing.” On the other 
hand, shafKS of a moit'«x uinnl ihanu-ter are 
pn'diieed hy foi'iting. pn'.s.smg, and stamping, 
while 111 itnny eaew's eomhinations of these 
pnaesaes are ('mjiloved, i.e. a rolhnl bar or 
sheet is nsi'd as the raw material for a small 
ftu'gmg or stampingf I’he detitils and toeh- 
niipie of thiw numerous and vaninl opi'ra- 
tions cannot Ih‘ oon.sidered hen', although each 
of them otTers interesting evnmple.s of the 
ap[)lieation of physical principles. We can 
only eon.sider briefly the mon^ important 
operations, wliioh include forging under the 


[iress and the hammer, rolling hot and cold, 
and eold-drawing. 

§ (Ti) PoKoiVfJ.— The forging of iron and sU'cl 
is always carried out at a hnght-red heat, 
ranging between 12tH) ’ C. and H(K) ('., although 
tho.xe limits are sometimes exceeded in both 
directions. At higher temperature.s not only 
IS the metal likely to Ix' injured, hut it is also 
ineonveniently soft for rnanipukition, while 
.it iimluly low tern pcnifu res the metal is so 
stiff and hard that even the most powerful 
pie.s.si'M an<l liamnK'rs cannot mould it readily. 
'I'he process eou-ii.sts in sijme/irig the jilastic 
m.Lss of .stei'l into <i .siiajie as near as po.ssible 
to that de.sireil for the finished object, due 
.illowanee being made for the removal, by 
maehmmg, of the rough snifaee. Wlu'ro 
kvrge ma.s.se.s of .sli'cl ha\e to hi' dealt with 
m this wax, extiemely powerful ajijili.uiees 
are required. (Jreai hydraulic [iri'.sse.s <iie 
instidleil fui h.indling siieh hugmg.s as llio,se 
used III the mamihu I me of l.irge guns, shijis’ 
piopeller shaft.s, (di.; the hugest of thesi' 

' pie.sses are e.ip.ihle #f exciting a tliiii.st of 
lO.hUO tons, hut ate none the le.ss ejipalile of 
.leeinitilx contiolled moxement. For tlie.s«‘ 
xerx large m.isses of niet.d and the gri'at foices 
reijuiied foi sh.iping tliein, the liydr.iulie pii'.ss 
i.s praelieally tlie only .vv .id.ihli' ajiplianee, 
l‘’oi sm.iller woik, howcvei.tlie powet hammer 
(usiiallv the steam li.iminei) i.s also used, 
'I’he.si' hammei.s, howevei, e.umot he ncido 
eoiivenieiitly huge enoiiuh for the lii'.ixiest 
woik. It IS also found that the .siioek with 
; which Ihi'V .stiike tiu'ir wmk us i.ipidly 
injmious to .smnuinding buildings and 
mai-liineiy. Without enteiing fmthi'r into 
the |oug-deh.it('d (|uesfioM of the ri'l.itive 
meitts .»f juess ami li.immer for forging, it 
IS mteri'sting to inquire whether the nmnner 
in which foiLung i.s done exerts any important 
iiilluenei' on the (pi.dity of the metal This 
.ippears to de|K'nd iqion the si/.e and weight 
of the hammei u.sed. \ rel.itivclv light hloxv 
aet'< m.iinly upon the metal at or near the 
surface which ha.s been struck, so th.it if a 
heuxv pieie is fmgisl under a hammer of 
moilciate power the outer legions of the 
piece leeeivc more etfeetive treatment than 
the intenor, and a heteiogeneity of struoturo 
lietwiH'ii the interior and the exterior may lx? 
fk't up. If the hliixx’ of the hammer is heav’y 
I enough to nffeef the whole thickness of the 
; forging, on tlie other hand, diffen'nees of th.at 
kind cannot un.se. 'I'he question, howex’cr. still 
nmiains whether there is .my specific effoot 
due to “shock,” i.c. to rajiidly applied work 
as ciuiumikhI with the n'lativcly .slowly applieel 
work of the pri'ss. ^At ortlmarx' temjH'ratiires 
in iron and stotd there does apjiear to lie 
a distinct differcpoo in the nicHle of internal 
deformation xvhieh is produced (see article 
on ” Metjils, Tlio Rt'kxtious oif Strain and 
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Stnu'ture”), but whether this difference also 
occui-sat a rt*d heat h.vs not yet been aacertamec! 

Wjth rcLTard t-) tiie manner in uliich metal 
adapts itaclf to c}ianun*s of shajK' umlcr the 
hammer or jness, it is imjxntant to note m 
the lii-st pliK'e th.it in tliew' foi;^m|,r o}>erationH 
there is i omp.ii.itn i-lv little ((.iistnimt uisia 
the iiK'tal, vvhnh ( in flow au.iN ni almost 
any diredion ('<|nally Thus while rollinjr, 
for (‘xaniple, prodiues exti-iision mainly in a 
sini^le dirt'ctioii, forj^iiijL! tends to wpnsv.e the 
mateiial out in .ill diri'ctions. Thus a sl.ih 
of metal, for example, im'aMiniiu: to be^ni 
with It) mehes .S(juale by li inehes thitk, 
can !>(' rolled out to a leii^dh .if ."(O niches 
and a tliickru'ss of 0 04 null without inen-as. 
inji: Its width to much more than lO nu lies 
14y forfiiiic, on th.' other hand, it is pu.v.<ihh> 
to eonviit ,HU( h a slab into .i stpiaie jiKse 
iniMsurniL' lo im lies wpiate #ith a thuTness 
jii.st imdei 0 1) in* h 

(tl) ItoLLiMi. W'e have next to eonsubT the 
jiKKossof r.ilhiiL:, b\ wliidi by fai the ureatent 
amount of metal is mammilalcd in the im tal 
woilvinu mdiistiie.s. 

The piiK ess w ouM, ✓ 

at 111 st M^dit, app( ar L 

to be <1 himph' one. \ 

and soiiH' of the u|)- , 

phames used m it '■ — — 

are d(‘( id( d!\ loiioh 4 

and sinipli . ( )n tlu' V 

othel h.ind, whele 

hi^dd\ Imislied pto- ] n 

dm Is ai( leijuned, 

theie ( an be no doubt that lollui^' ie.|uii( .s not 
onlv rnei b inn all\ piifeit appli.iin es. but .dso 
a toiisid* fable device of t.shimal knowleils'e 
and skill. In its simplest form, th*' rolhye mill 
consists of two lolls or rollein. t'enerally 


fwaaage olonp the arc {a, a) tlm metal ia 
exp. .find in the first place to |h)we*i'ful normal 
pix-ssim- tsMidine to !«|ueez,e it ( ut in much 
the same way as the ]>n‘asim* of the jaws of a 
foi,'.nnti j’ie.s.s , m the Mssuid place, however, 
theix‘ 1.S a stroll)!: t.uii>tntial fone teiidin)> to 
pull the metal b.rw.ird with the rt'volvinu: 
mils, and 1* IS thiv tangential foiee which 
diuets the i! »w of tin nu'ta! forw.ird in the 
diiectiuu ft 1. llm;:: I'hc |>t>wcr ixsiuiixsl for 
this .»p<‘i‘uli* 11 n is(,< i . oui>.(', \ ary eiionnonslv 
with the (liara. <ci .it tin mi tal iindci ticat- 
ment, winch m.i\ Ik* either hoi and lelatively 
soft (hot-K.tlm;;) or cold and lekitivelx stiff 
(lold-roliniL') The power mnst al«o ilepend 
upon what is known .is the “ jia^s “ emplo\ed, 
I I. the amount of redu* lion ni tlm knes,s w hi* h 
is ajiphed m a .siiu'le pas,s.im' thioiich the rolls 
Tin- sileitioii of this laliofcit ii'diiction |s a 
most iiiip.ir(int fa* tor m roll nu' pr.u' 1 »ee, and 
it vanes vei\ wid«'l\ \s a lule, however, iL 
IS found (bsitJihlc p.u'ti* nkii ly in hot lolhnu 
to eairy out the redmlioii of thi*kiies,H 
in the l('we.'-t jios.sihlc number i»f pasws, 
Hiiiee 1 bis IS not only 
V economical of time 

\ in the rollmt; ' mill, 

' hut is (list in it I y 

._y heiiefieial to the 

\ met d (reate*), as it 

j .ippixirs to seeilie 

/ nmre m jfi>rni Ilow 

1 h roll;.' lio lit the 

. 1 . triK'ku'-s.s of (he 

sheet oi har. \pait 
from thesi* f.ietors, howevei. there rs ariotlier 
of .1 mu*h le,^s obviMiis nature whnli also 
h.'is .til import, lilt effe* 1 on the jiower le- 
ijmied to (Inve a jolhiKr mill This resnles 
111 till ili.imetiT of the rolls (heu'selveK 


ma*le of lion or steel, win* h (an la* set parallel 
to one another and at am desired (.small) 
dist.ime apart, and the.s<* rolls are driven at a 
.smfahlc speed l)V some powerful motor, siu h ^ 
as a steani-enx'ine or an eleetrie motor. ,ln , 
the l.'irjrcst milks userl in steel-works the rolks , 
themselves may be as inmh as bS firt wide 
and 40 nu lies in diameter, while the enj'ine 
driving' (hem may rerpim' as much as 2.'»,<HK) ! 
hftrse-jiower. At the other extrenu we have 
the jewellers small liiiLshinji rolls, whieh can 
1*0 easilx turmsl b\ hand. 

The manner in which metal underf'ia-H 
reduetitin hy |ais.smjj throu*!;!! a* pair of rolls 
i.s indiealed di.i^'ruinmatieally in Ftg. 'i 
There it will la* seen that the sefNiratioii of ■ 
the rolls IS somewhat less than the thickneas 
of the metal liefore passaae. T|;ie metal 
is held hy the rolls in a powerful ;^rip due to 
the “aris of ('onfaet " {a*a in the figure), ; 
and as the rolls revolve they carry the metal ^ 
forward and fone it through the ojicning ! 
between them. This implies that during its j 


[ - the kiigi-r (he loll the greater the power 
nipimd 1 his .iiisi's pnmaiily from the 
fact that the iue of coiitai ( (n, a in the figure) 
hieoriu - much longer with iiuTeaHing diameter 
of roll II (he piessure jm i sfjiiare nu ll 
rcspiinsl (o hung about a L*i\<*n re*lucliou 
of (hiekne.sh in lh(‘ metal ls the same, the 
totll preshUie whuli must h** u]'|)lied thlollgh 
the rolls must men .ise as the ana of lontaet 
increaHi's, and this loiu lusion is fully Isniio 
out h_\ practue. 

Another imj*or(an( * onsidciatioii in connec- 
tion with ail lolliiig-mill ojK-ii'tions arises from 
th(‘ fact that the pressures w hu h* arc used 
nrc necr'HH.inly so high that the n.IIs them- 
selves, and the stands or “housings” m 
which they rur , cannfit U^rcgardfsl as practi- 
cally ngul : allowance must la* m.wlc for the 
clastu- dellcftiori or deformation, particularly 
(*f the rolls themsclv(‘«. ft follows, to lM.»gin 
with, that the tliifkncss of the resulting sheet, 
for mataiiee, is always greater than the 
apiiarent w'idlh apart of the rolls if the latter 
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ia nieasurod^whim the rolh are- idle. The Mheel 
itflolf, of coum*, underj'ixvH clastic as well 
as plaatic deformaliori in pasHing through the 
ntlln, and tlieiefnro “ Hj)i inf's hack ” to a slij^htly 
f^rmlvr tlnekiu'ss as hooij as it is leleased from 
the prcHHiiro of the rolls. This, ho\vcv<*r, is a 
inueli smaller elTeel than that due to dettection 
of the lolls thems»-lv('H, One important eonse- 
quen(!<^ of the ehistic Uaidinf;( of the rolls is 
that the rolls themstdvos, where it*iH desned 
to roll Hat sheets, eurmot ho used m the form 
of parallel eylnnh'rs ; each roll must Is* f'lven 
a certain small hut apfireciahle tlnekeniiif^ 
towards the middle, knt»wn as “ earn her.” If 
the amount of this earnher is not lightly 
ailjusted to the work m hatnl, the r('siiltmiu; 
sfu'cts are loi'kh'd instead of Iwanf' llat a 
ri'sult winch aiises if, through uneipial [iicssure 
of the lolls, oni' I'fgion of th(‘ slu'et reci'iv'es a 
greater amount of piessure, and theiefore of 
, ('Xtension, than thi* rest. If the rolls an* too 
mucli catnhcicd, tlsMi the centre of thi* sheet 
rots'ives the e\l(a picssuic, and the sliei't as a 
wfiole appiMrs ” disln'd ” or domed. On the 
eontiary, if the rolls art' loo little caniheKsl, 
i.e. too flat, the e\tia pressure comes upon 
the sidrvH of the sheet, and tln're is a temlem \ 
for tfie edges to ('oeklt* or < uive. 

Rolling o}H'iations aio sometmu's of an 
ehvlxirate kind, wheie the ri'sultmg piodmt 
is to Ih) a bar of eoni(ilieate<l cross-section 
A modern taumway rail is a good (‘\amplc of 
a siH'tion of that j^ind, and the rlesign of the 
groovi'd rolls ni which such a st>ction is 
produei'd, starting from a rectangular oi 
oiieular bar of solid serdion, oilers many 
points of iiitorest with which we eanin>t deal 
lierti. 'L'he govcriiing principle m all such 
eases, however, must? bo that the amount of 
work, send tlierrfore of r'xtension. applied to 
various parts of the section must lie e(|ual. 
and that the ci’oss-sectional arenas of all parts 
of the vaiioiH grooves must he adjusted to 
that eivl, due rxllowaiice being made for the 
fact that the hiu'ar velocity tif the roll surface 
at the bottom of a deep groove is necessarily 
lower than tliiit of the outer surface of the 
roll a ilitTorenee which is, of course, much 
more important with rolls of small diameter 
than in the ca.se of larger rolls. 

Metal is ndled both ” hot ” and ” cold,” 
but these terms are tiS'some extent relative. 
Thus Mlling ahiimnium at C. is nghtly 
to 1)0 reiiAixicsi as “ hot -rolling,” hut steel 
rolled at that teinpi'rature would have to 
be regardnl as being “ cold-rolled.” As a 
rule, however, tlie latter te»m is applied 
only to oix’nilions in which the metal is not 
8|H'cifieadly hoatexl hefoiv Inniig intnMliiocd 
into the- rolls. The distinetiou lictwoen 
“hot” and “cold” ^)lling i.s, however, much 
more than a nominal one, since the effect 
on the metal is widely ilitfercnt according 


as the rolling ojieratiou is carried on at a 
temjauature high enough to allow of the rapid 
n‘<iystallis<itioii or annealing of the metal 
(h )t-r(d!ing), nr the temperature is sufficiently 
low to prevent any sponianeous annealing 
'I'hu.s lead wouhl uiideigo the equivalent of 
‘ hot-rolling” at a lempmatnre of 1(X)° C., 
while .steel is ” cold •lolled ” .it any temjierature 
hclow ('. The actual diiect elTect of the 
rolling pi»M-cs.s upon the met'd is jirohably very 
similar wluitevci the tctiijiciature at which it 
IS applied; the eonstituent crystals of the 
metd heeoiiie flattened and elongated in the 
same sense as the piece of metal as a whole, 
ami this change of shujie occurs by the process 
of mtia-erystullme slip winch is di'scriliwl olso- 
where {st‘c article on “ .Metals, The Rclatn)iis of 
StiMiii and Stiucturc ”). W'lu ie the tem})cra- 
turc is Im'Iow the annealing range of the metal, 
how'cvi'r, this ddiormntiori of the crystals, ami 
the consequent vmy eoiisideiahle liardiming of 
the metal, persists, and the l•csllllulg product 
po.sscsHi's much greater hardness and higher 
tensile strength, eonh^>mi‘d with much nslueed 
ductility -- all thcsi' being typical features 
of '■ Cold • w'orki'd ” or ” w f»rk - hardmiod ” 
metal. With each suceessue jias-s through 
(he rolls this work-h.udiiess iiiere.ises, and 
after a emtaiii amount of lediietion has Ikh’II 
applied the metal Ix'eomes too haul to permit 
of fiiither eokl-workimr ; if the atlemjit is 
made to eaiiy the [iroiess further the material 
hcems to <i.u‘k and break up. Before this 
stage IS reached an iritermedi.ite annealing 
ojK't ition is usually applied to the material, 
aftei which further cold rolling may Ix" done. 
As a iiilc this mtcrni(Mli;ite aiiiiealiiig process 
IS (jnitc simple : tlu' metal is pu.slusl into a 
fuinac.'' iicntiMl to a suitable annealing temjiera- 
tim* and allowed to remain there foi a certain 
time A eiinoiis [tlK'iiomciion is, however, 
encountered in tins eonnectioii, particularly 
where bars or slabs of eoiisidi'rable thickness 
have IxH'ii cold- rolled. If the amount of 
defcirmation (rediietiou) which has Ixm applied 
since the previous annealing has been large — 
not leas than oO [ler cent of the previous thick- 
ncvss— nothing sjM'cia! occurs. If, however, 
only light reduction has I't'en applieil, of the 
order of 20 or .‘iO per cent, when the bar or 
slab 18 pushed into the annealing furnace it is 
very apt to crack violently. This ” firc-craek- 
ing ” can be entirely prevented by a previous 
heat troatmeht at a much lower temperature. 
Thus in a bronze alloy whieh is ordinarily 
annenletl at TtK)® to 7o0'^ (\, a pn'vious short 
|)eriod of heating to .350'’ (?. entirely obviates 
fire-cracking. This action is readily under- 
stood, since the wljole phenomenon arivsea from 
the cxivStence, in the thick pieces of cold-rolled 
metal, of severe internal streasea arising from 
the fact that the outer layers have— under 
the adatively light passes — suffered more 
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extension than the inner ones. If such a 
piece is suddenly heated, the outer lajers 
are weakened by the rise of teni|)eraturo 
before the internal stressi^ have had time to 
release themselves by gradual deformation of 
the metal, and sudden fracture results. These 
internal stresses, however, can be almost 
entindy released by somewhat longer exjM>suit* 
to a lower tem[)«*rature, which is not high 
enough to weaken the outer layers to the 
point of immediate fraeturo under the exist- 
ing stresses. A more obscure' phenomenon, 
how'ever, is this, that “ tirc'-cracking,” at 
all events in niekel-zine-eopper alloys, can 
also be pie\ented by a proei'ss known as 
“springing,” which usually consists in passing 
the cold-rolled bars through a machine which 
altoniately Im'ikIs tlu'iii over rollers of modenite 
size - vigoious striking of the bars with a 
heavy wooden mallet, however, also serve.s 
the purpose, d'his mechanical treatment must, 
in some fashk.n, also bring about a release of 
internal stresst's, but the manner in which 
this oci urs is not undei«*ttK)d. 

In the operation of “ hot-rolling,” while the 
initial process of deformation of the constituent 
crystals of the metal is very simil.ir to that 
which occuis 111 cold-rolling, an annealing 
or recrystallising process inirnediaUdy follows 
the deforinatioii. There is thus no ” work- 
hardening ” in the case of hot-rolled metal, 
and tlu' operation can be continued without 
inteiinediate annealing or reheating until the 
metal has cooled too far and thus hegiiis bi 
enter the roLUon where “ cold -rolling ” would 
oecut. If the mlling process is stoppeil well 
liefore this stage is ieache<l, then the hot-rolled 
product IS (piite soft, and the constituent 
crystals are not appreoiahly elongated in the 
direction of nilling. There are, none the less, 
indications in the micro- druct lire of material 
which has In'en hot-rolled, of the direction 
of rolling. Thus the two constituents of a 
diijilex alloy, for examjile, tend to lie in lines 
along the direction of rolling, and thft is 
particularly well set'll in the case of non- 
mefallie enclosures, such as (how.' frequently 
met with in steel. There may also be lainding 
running in the direction of rolling, ansing 
from another cause, but the individual 
constituent crystals are none the less firs' 
from any directum of greatest length, i.e. 
they aie approximately “ equi-axod.” If, on 
the other hand, the rolling operation is not 
stopped at so high a t€m|)erature, a certain — 
usually small— amount of “ cold work ” is 
put upon the material at a stage when it 
is already Uh) cold to undergo spontaneous 
annealing, and the resulting material is both 
harder and less ductile than in the tnily 
“ hot-rolled ” condition. This use of a rela* 
tively low finishing temperature is often em- 
ployed in the production of rolled material 


which must pass a certain test for tensile 
strength while the degree of ductility insisted 
uixm IS not very stringent, k should, how- 
ever, lie borne in mind that the increase in 
tensile strength obtained by “cold work” 
is more apparent than real, particularly where 
the material ’s exjiow'il to alteiiiatmg or 
“fatigue” stteasi's Extieme eold-rollmg is, 
howevii^ <iH a rule adopti'il only wheie a 
8|MH'ially good suibico finish is n'lpiiiT'il on 
thin materia' 

The rolling process, wliu h we have briefly 
considered .ibove, servi's for tin* piodiictioii 
of metal m the ftuiii of bars or rods of various 
sizes ami w'ctions. and of shei-t'* or strips. 
As a rule, liowev(*r, it is not found convenient 
or .satisfaeloiy to carry tlii' rolling jnocess 
iH'yoml certain linut.s, at all cieiit;, where 
bars or roils arc eoneenied. Rods of smaller 
diameb'r than about 0.) inch are usually 
requiied in very emisidmabh' lengths, and 
these can only be piodiiei'd by a rolling 
operation in special »(>nt)miou8 rod mills, 
which have been paHieulaily develo|>ed in 
Ainenea. in these nulls the hot steel billet 
or thick, shoii bar emi'rgi's from the reheating 
furnace and enters a relatively slow nnnimg 
pair of rolls in winch its section is redmaal 
and its h'ligth eorn'sjioiulinglv nicK'asi'd 'I’he 
bar as it leaves these Inst rolls imimsliately 
enters a second jniir m winch fnither reduc- 
tion takes place, and so on, nntir lod or w'ire 
of the desired diameter ^s piodmasl. It is, 
howevei, neeessai'y Dint ea( h of thes<* sueees- 
sive pail's of rolls should nni faster than the 
previous pair in order that they may d(*al, in 
the saim* time, with the very much greater 
length of 10(1. 'I'lie linal jiair of rolls ni such 
a mill, therefore, nins at an amazingly high 
speiHl, and the finislu'd wire* tyuergi's at the 
s[K'ed of an expri'ss tiani. If, as may is casiori- 
ally hapjien, anything oceiirs to interfere 
with (he regular working of any of (he rolls, 
or a rod end misses its |)ro|KT jaunt of (*ritry, 
the whole of the Innlding Ix'eomeH rajiidly 
entangled in a mass of writhing red-hot Htw*! 
ware or rod , in sjute of accidents of this 
kind, however, the continuous v.ire-rnil! has 
proved eminently successful. 

§ (7) WlKE-DRA WING.-— For most purfioses, 
however, rod or wire of smaller diameter than 
0-5 inch is producwl in an entirely different 
manner, by a sories of ojuTations known as 
“ drawing.” Here the thickness (tf the rod is 
reduced by forcibly pulling it through a hole in 
a steel plate or “ die ” which is distinctly 
smaller than the diameter of the rod. I'or this 
purpose the forwanl end of the rod is slightly 
sw'aged down oi tajicred so that the end may 
enter the die. The small pi(X‘o which projects 
through the hole is then gripj)e<l in suitable 
pincers, and these are attached to a heavy 
moving chain which applies the necessary 
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force fo the rod through the hole, thus 
reducing its seetionul area and correspondingly 
inenviHing its length. A diagram of the 
a( tions uhicli occur in this process of “ cold- 
rlrawing ” is shown in Fiif. 4, which shows 
some rcHcmlilance to that illustrating the 
action of the rolling-mill {Fig. 3). tint in 
the case of the die the inctf'il is pulled forward 
hy a tractivi' force applied outsiile the die, 
while the surfaia'S in contact with the metal 
lire at rest and the metal 
slides over (hem under 
heavy frictional resistanci'. 

Itod- or wire • drawing is 
ilwiiys earned out with 
. 0 ) 1(1 metal, and the 
material hecomes C()ne- 
Hpondinglv work-hardened. 

After a certain amount of 
reduction has hiaai ap{)lied 


L 


are reduced together by drawing through 
suitable dies. It is, however, necessary to 
support the inner w^alls of the tulje so as to 
prevent collafi.so, and also in order to secure 
a pressure upon the die sufficiently high to 
l.ririg about the desired reduction in wall 
thickness. For this purpose tubes are gener- 
ally drawn on or over a central rod of solid 
.steel, known as a “mandril,” which pussies 
through the dic.s, insiile the tube, without itself 
undergoing any change. 
Actually, the drawm tube 
is |)ressed very firmly on 
to this mandril, and special 
appliancf's are required for 
drawing tlie tuU' off the 
m.'iiulril. A diagram of 
the tiihe-draw'ing proei'ss 
thus hnefiy described is 
shown m Fig. (1. 

§ (H) KxTunsioN. — In 


"7 


Vhe metal nsiuires to ho 
softcmal hy aniu'aling If this is not done I addition to the various forming })ioces.ses which 
at the proper time the imq.il hcwins to I have l)(‘en (liscn.'^sisl very briefly above, another 
break up, Imt tlu' cracks first formed are | m(4 hod is availa)»lc w kuchy many metals may 
fr('<{ueMtly internal, and the metal is .said | he readily and rajiid'y brought into certain 
to Ik' “ hollow drawn.” 'riiis condition is 


diagramiuatically repri'si'iited, in sis-tion, in 
F>g. f). 'I'lie r('a.son for this {H-culiar type )»f 
failuie lies m the fait that, in drawing, the 
o.\t('nor layi'Ps of the rod or 
wire K'ceivo more work harden- 
ing than tk' interior, being 
laterally eotnpn'ssij^ hy the 
pressure of the die as well as 
elongated hy the tractive forci's. 

.'\t a ccilain stage, therefore, 




the exterior 
layeix are able tn Ix'ar a traetivi' stress whiidi 
fracliiies the less hardeiu'd internal lavers. 

^Vlu'n till' drawing (froc(*ss has been c.irried 
to a ccMam i^age the product becomes wire 
rather than rod, and fuither dmwing ('.an then 
he carried out on the appliance known as the 
wire “ block.” m which the wire is pulled 
through th(' die hy In'ing 
coiled on a heavy iron 
block which IS causi'd 
^) lotate under power. 

Wluwe line wiio is drawn, 
it is frequently passotl 
through a whole series 
of dies and over suitable 
pulleys before it is finally* 
coiled on the “ bfook.” 

In additwm to rod and win% drawing opera- 
tions are employed in the pniduction of 
tulK's. Tillies are sometimes made by the 
bending and welding of strip-melal of suitable 
width and hmgth, the edges bi'ing joined by 
welding or brazing. Woldlass or jointless 
tubes aiv, however, made by cold -drawing. 
Here the operation generally commences with 
a thiek-walled hollow' cylindrical or tubular 
casting, and the diameter and wall thickness 


useful Hhap<*.s. 'I’iiis is the process known as 
“extrusion,” m which the pieviously heated 
metal is placial in a hi'avy stet^l cylinder, 
and 1.S then pressed or forced out tlirough a 
suitably shaped a|)(‘rture by 

— the hi'avy jiressiire of a ram 

operated by hvilmnlic jiow'er. 
Tile ])rcs.s('s used for this ])ur- 
pose arc generally very heavy, 
pres'^iircs up to 10, (KK) tons 
being employed 'riiere is, accordingly, some 
difiiculty in finding dies, cylimlci-s, and 


‘Specially rams able to withstand suih large 
piessun*!. I'he process is nmmly used in the 
forming of brass rods or bars of various 
sections, altlioiigh tula's can also he extruded, 
both with and without a nuindnl. Hy the 
choice of suitable die openings, it I'l [mssdilo 
to extrude bars having 
• sections of coinjilicatcd 

form w hich it i.ou'd not 
he possible to produce in 
any other way, ar d even 
for the production of 
simpler sections the pri- 
eess offers advantages 
■ in regard to speed and 

^ aimjilieity of working. 
There are, how’ever, a number of more or less 
s^'rimis diflieiillies connected with it. The 
heavily stresseil rams of the extrusion presses 
an' apt to fail hy slight k'ndmg, while the 
dies and 4ie-plates are liable to crack under 
the high bursting j^n'ssure As reganls the 
metsil undergoing extrusion, it is found to 
flow mueh like a viscous liquid, and relatively 
slight defects in the billet or ingot are liable 
to be drawn out into long flaws which may 
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run down the entire length of a bar. For this 
reason extruded imrs are liable to show a 
certain laminated structure, and, generally, 
their meehajiieal propertias are not so sati.s- 
factory as those of pro|XMly rolle<l metal of 
the 8 <vme composition. On the other hand, 
it is (KTf(‘ctIy possible to extrude alloys which 
it is extremely difticult, if not impossible, to 
roll, and if liixt extruded into relatively thick 
bai'.s such alloys can then bo Kucce.ssfullv 
hot-rolled into thinner bans nr .strip. 

§( 0 ) SiCf'oNo \KY Pkoci:s.sks.— T he methods 
for the mechanical treatment of metals whivh 
have so far been considered may Ix^ regarded as 
the primary .shapingor forming ojicrat ions, com- 
mencing with th(‘ [iroduct of the foundiy-thi- 
ca.st ingot or slab —and converting it cither into 
the final product or into an interinediato pro- 
duct K'ady for further forming or shaping pro- 
ces.scH, which start ing w itli ji^'viou.sly w rought 
materi.il —may be regarded as sis'ondaiy opera- 
tiori.s. .Among tlicse secondary opimatnuis may 
be mentioned such piocesses as drop-forging or 
stamping, in w'hicli mctal^n the form of rolled 
bars or shei'ts is j)res-.ed into the desired final 
shape, usually while hot, although cold- 
atamping can be done with the softer metals i 
m ndatively thin sections. Hen* forming- I 
blocks or dies are used, and these nspnre 
considerable cai'c in dcMgn to allow of the 
rearly flow of the right amount of metal info 
the various parts. 'I’lie v.iliie of tin* finished 
pi’oiliict (tften (h'pends upon the manner in 
which the m.iti'rial has been c.ui.scd to fhtw 
during drop-forging. Such forming operations 
as the stamping of shei't-mctal an' freipumflv 
accompanii'd by a combination of picssmg 
and drawing which, in its mode of action, 
h.is .some lesembl.ince t<i the tiibe-dtaw ing 
operations mentioned above. The proiliiction 
of an ordinary br.iss cartndge-ca.se such as 
that used with mild, try small-arms aminunt- 
tion i.s a stiikmg cxanifile of the very large 
changes of sh.ipe wdiich can be brought about 
by .such oper.itions. • I 

The jirodint.s of all cold-forming operations, ' 
unleas they are finally annealed, are left not 
only Avith the met.il in a largely work -hardened j 
comlition, but also in a condition of more or 
les.s .severe internal .stre.s.s. If this stxte of ' 
streas is unduly .severe, and if the metal itself ; 
is in a favourable structural cenidition, the j 
object may, in the course of a longer or j 
shorter time, undergo apparently* spontaneous [ 
fragture. This ])henomenon is well knowm 
under the misleading name of “ season 
cracking ” in hniss and other alloys. Frac- 
tures of this kind an*, it is well* knowm, 
con.siderably accehrated [jy any corrosive 
action to which the object may be exposed, j 
A very ra])id action of this kind may be j 
brought alsmt by exposing a cold-workcd j 
brass object to contact with a solution of a 1 


I inen-ury salt, such as niercune .chloride or 
' mercurous nitrate. The metallic niercurv 
I which IS lilierated in such coiidifinns ra}»idlv 
penetrat<s the strained bias.s, and fnutiin* 

; i.cciirs 111 a f«*w sciond.s or minutes. iMiufure 
, in all these ca.ses takes jilace in a (ypical 
' ina ner by flic jailling .ip.irt of tlu' con.stduimt 
cys.st.ds (if ih-' in lal. while -if (he , si me metal 
1.^ bidkci^iii a testi'i'i m.'iehiin* in ten.siun or 
bending -rtlie iioimal fmetun* lakes a path 
, mainly ucio.vs <he (iAt>lal.s thcmslvc.s, Thi.s 
I .subject IS refcrre.l at greafiu length el.se- 
I where (.see article on .Metals, 'riie Kelations 
j of Strain and Strm t tiic- .Amorphous Metal ’’). 
j CrTTiNc - The Imal mechanical treat 

j ment to whichman\ metal ohjeets are exposed 
I i.s that of eiitlmg h\ means of .some form of 
I tool, geneiall\ m .i maeliun' tool t-ueh as a 

l. ithe or a milling maeliim^ It is. liowe\er, 
outside the seopi- of tlu' jiroseiil .ulit !(' to enter 
at all fully into thi' ijin'stion of I he (iitting or* 

m. uhining of metals and theaition of culling 
tools gen(“ra!l\ . Fiom the jioint of view of the 
treatment of tin' metal which js heiiig cut, it 
need onlv la* said that the uieclmiiieal effi'cts 
of maehmmg aie .‘•u? pn.smgly small. .\ small 
degree of sutfaii' hanhaimg (work-hardening) 
undoiihtisllv oceuis, hut evim wlieie heavy 
(Mits.it high spei'ds have heem taken hy power- 
ful modern high-speid bwils, tin' depth of the 

I (lit met.il wlmh is appreiiahly alleeted is 
1 very snndl. W’lawe spc'cimeus ti.ive to he 
I jni'paied for miei(»seopie ^examination, this 
I diatoitmg etb ct of (iittmg-tool aition i.s of 
J eonsideiahh* importanee, but fiom the niei lian- 
I leal jiomt of view an .ippridabh* elba t can 
only be met in very tlim sia lions. Tbeie are, 
bowevei, a few ('xei'ptioiis vvliiib me of some 
, interest 'I’Ikw anse rn.unly in eoimeetion 
j with the eiilting of banhmed stycl by^inenns 
' of powerful eat lK>runduni or emerv grindmg- 
I wh(‘els Th(‘se wheels an* habh* to generate 
I very gioat be.il .it then point of .letion, ami 
may evin laiso the steel lot ally to a rial beat. 

If this should 0(1 ur duimg the gimding of a 
piece of baldened stei'l, the stetl will be 
.seiioiislv s«,ft( iM‘(| wherever su( h a temperature 
has been leached, while tli(‘ voliiim' ehanges 
wbieb a((ompany the temjxring and Hofteriing 
of steel aic liable to lead to senous crack- 
ing, commencing from tin* “hot” <tr “soft” 
spots. • 

From the point of view ’of the cutting 
operation it-si-If, the phy.sieal projierties of 
the metal being cut are tjf considerabJo 
importiftice. The hardest rnctals, particularly 
the hardened =<Uh*Is, are of course^ too hard to 
be cut by a eteel tool, and the use of grinding- 
wheels must be ndied iijs>n. Modem dcveloji- 
ments have, however, rendered .such grinding 
operations much easier and cheaper than 
formerly. At the opposite extreme as regards 
difficulty of machining are -the very soft 
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HUfh a8 copper and aluminium. 
Here the very f^reat ductility of the metal 
hinders the aelioii of the tool. It mu«t Ik^ 
liorrie itt mind that a euttiiif^-tool of any kind, 
in reality, pnaliieeH a w^riea -more or lewi 
contiiiuoUH of fnietureH in the metal whieh 
i» Ik'Iii^' eiit, Tlu'W may he eithi-r ahear 
fraetiireH oi frarturcH undi'i eomjircHHion, hut I 
in either ease, if the metal extremely duetih', | 
it will heeuine imi< h nioie diflieult to hniifi 
about fracture; the edjfe of the tool will ho 
liable to h(a!ome, huiied in the nu*tal, whose 
ductility enahles it to spreiul the intenKO 
cruHhinv! prcMsurc of the tool eilf^e over a 
we(l;'e-sha|)od ari'ii sliuhtly surrounding the 
cuttin;j: I'd^e itself. It is for this reason that 
very soft metals are very dillieult to machine. 
Ah soon as the ductility of the pure metal is 
slij^htly ledueed the jiresence of hardening' 
elements, the cutting properties improve in a 
• lemaikahle maniu r. W'e may compare, from 
this point of VK'W, brass with eo|)piT and 
some of the alloys of aluminium with zinc 
and coppi'P with imre aluminium. Certain 
of these latter alloys have now earned the 
reputation of being the best inatenaU for 
aemirate and delicate machining which have 
yet been obtaiiu'd. 

§ (11) Annkamno and Hkat Trkatmknt. -- 
The various forms of treatment which have been 
considered so far are all relati'd to the proei'ss 
of bringing V muss of metal into some desired 
shapi', and even where tin* operations produce 
an important elTect on the internal structure 
and pliysical properties of the material, they 
are always eonnecteil with changes of extenial 
shape. 'I’liere is, however, a whole group of 
processes of thermal treatment whieh are not 
associated with any ofu'iation involving a 
ehangi) of shij^M' of the metal, and whose a<*tion 
is eonlined to an elTect- whhh may Ik> very 
powerful Mini jirofoiind- upon the internal 
structure of the matenal. I'hese ojM'rations 
include annealing, noinialising, quenching, and 
temiiering, and if our conception of “ thermal 
tmvtment " is widenial to include ojierations 
which involve a change in the ehemieal 
composition of the metal treated, such pro- 
cessea as ease -hardening, “ malleablising,” 
ami “ Sherardising " must also b<^ inclmled. 

The operations known as annealing are 
applioil for the jnirptxso of rendeiing metal 
8<)ftt>r and more ductile, either by removal 
of hartUic^ arising from cold work or fnim 
quenching, or by the removal of internal 
stresses arising . from rapid cooling cfr other 
causes. For the latter purpose it has been 
found that very moderate amounts of heating 
are adequate, although the mechanism by 
which internal stresses can be relieved at 
temperatures far below those at which crystal- 
line rearrangement takes place is by no means 
readily understood, although some tentative 


explanations have been suggested (see article 
on “ Metals, The Relations of Strain and 
Structure-- Amorphous Metal”). Annealing 
in the more usual sense of the woixl as used 
by inetttllurgi.sts, howevei, implies heating to 
a tem|)erature high entmgh to bring about or, 
at all events, to jiormit at least gradual 
reerystallisation. The removal of hardness 
eauHtNl by cold work, and that of hardness 
due to quenching m certain metals, must be 
cousidercHl sejiarately. 

Severely eold-w(;rked metal is known to 
exist m a metastable condition, from which 
it tends to reveit to the soft state. According 
to the view Hist jiiit forward by Beilby, the 
hardness of eolil-worked metal is due to the 
paitial destruction of the crystalline structure 
of the metal and the formation of numerous 
layi'rsof a hard, .amorphous [ihase (see “Metals, 
Till* Relations of Strain and Structure,” § (3)). 
On this view, the softening of strain-hardened 
metal by annealing is sinijily due to the fact 
that the elevated bmpeiatiire pi'i tints the 
.imorphoiis matenal(<to reveit to the soft, crys- 
talline state. Although the earliest stages of 
tins process cannot 1m> followed with the micro- 
seopi*, hecaiise coniph'te meehanieal .softening 
oei urs in many metals before there are any 
marked signs of ciy'stalline rearrangement, the 
sub, sequent behaviour of metal diiimg anneal- 
ing strongly conlii ms the g(*neral view. On 
heating eohl-worked metal, a set of entirely 
new crystals are generally foimed, and those 
tend to ne reasi' in size and to deereaso in 
number on jirolonged heating or with an 
im'rease of temperature. This process, how- 
ever, (li>es not continue indotinit<*ly in ordinary 
encumstanees, as a ])crmanent or qnasi- 
permavient condition of crystal size is reached 
after a ecitain length of annealing, (lencrally 
speaking, an increase of annealing temperature 
induces an increasing coarseness of crystal- 
line structure, with eorresjionding changes of 
meehanieal properties w hieh, f(>r most ))uq)osea, 
art' to he leganled as detonoration, i.e. some 
loss of .strength ami very considerable lowering 
of the elastic limit. 

The actual temperature at whiefi anneal- 
ing takes place varies wuh'ly in different 
metals. .As lias Ixien indicated above, lead 
and tin undergo sjiontaneous annealing and 
reerystallisation at room temperature, and 
undergo rapi^ annealing at KX)” C. In very 
pure gold, rnnenling has been found tti occur, 
after .severe cold-working, at tempera turfi® as 
low as ir>0° Aluminium and its alloys 
require temperatures (?f about 200° to 250° C. 
to undei'^o softening. Brass undergoes fairly 
rapid stiftening a* 400° C. * In cold -worked 
iron or steel, on the other hand, the first signs 
of softening and reerystallisation do not occur 

* Rose, “ On the .\nnealing Gold,” Ind. qf 
MfiaU J„ 1013, U. 
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until a temperature somewhat above 500® C. 
is applied.^ 

The annealing of metal which, like hardened 
steel, has been hardened by quenching fixnn 
a high temperature differs matenally in its 
nature from the softemng of strain-hardened 
materials. In the ease of steel, which is fully 
treated elsewhere (see articles on “ hon- 
carlion Alloys ” and on “ Steels, Specjal "), 
hardness is conferred by quenching from some 
temperatvire above a certain critical point or 
range. The result of such qu(‘nching or rapid 
cooling is to retain the steel m a coiulition — as 
regards internal constitution- approximating 
to that in which it existed at the high tem- 
]ierature, ami thus t<i suppress, more or 
less completely, the transformation or phasi' 
change which would normally occur, at 
moderate rates of cooling, on iiassing through 
the critical point in (pie.stion? The quenched 
material is thus in a highly inetastable 
condition, and tends to revert to the more 
stable state as soon as rise of temperature 
allows of greater fieedoi^ of atomic ariungO' 
ment. Accordingly, steel which has been 
fully hiudencd by cooling it very ra|)idly 
from a tempeiaturc above the critical jioint 
is gradually softern'd or “ tenqiered when it 
is gradually heateil. This gradual swiftening 
or temjiering increases in amount as the 
temperature is raised, until — when the re- 
heating or tempering tempmature reaches or 
clofw'ly apfiroaches the critical jioiiit — th<‘ 
softening is complete, and the steel may lai 
roganled as not merely “ tempered ” but as 
“annealed.” Oiignially applied mainly to 
stiH'l hardened for use in cutting-tools and 
requiring vaiying degrei's of tcmfK'niig when 
intendeil for various uses, the proeciwcs of 
harflening by <iuenching and subscaiuent 
tompeiing have now' come to be very widely 
used, particularly in the heat treatment of 
special or alloy steels (sec article on “ Steels, 
Special ”), and even ordinaiy carbon steels aie 
now frequently refined by being subjer^'d 
to such a process of hardening and tem|K*ring. 
From many points of view', this type of 
tre^vtinent may be regardewl as a means <if 
imparting to the steel a ]>articularly refined 
and homogeneous structure ; where this is 
not quite so important as to justify the 
relatively elaborate process in question, an 
approximation to a similarly refined inter- 
nal structure may be obtained by a single 
operation which is now usually known as 
“ normalising.” In quenching, followed by 
temjH'ring, the severe* effects of very rapid 
cooling, produced by dipping in water or oil, 
are to some extent und^^nc by subsequent 
reheating ; if, how’ever, the original rate of 

’ Goerens, '‘ Influence of Cold - worklnff and 
Annealing on the Properties of Iron and Steel," 
Iron and SUei Intt, J., Carnegie Scholarship Memoirs, 

mi. 


I cooling is not quit©' so -rapid, a somewhat 
siiiular ultimate effect can lxi productnl 
j direct, i c. without snhsequont reheating, 
j This is dune in the ” normalising ” protHvss 
j by heating tlu' piece of stool to a temiierature 
I above the critical range ami then allowing 
j it ♦o cool rapully in the air. This process 
j is mainly rppli<*iible to carbon steels. Tortain 
I alloy steels Ix'eoine mort' or Icjw fully liaidcmHl 
i by such *tmitment, and then reiiuii'e suh- 
I sequent temper. ug. 

The operations mvolviHl in the heat 
treatment of Hteel, as very bneflv outlmeil 
above, are in modem practice applied not 
merely to small objects such as tools, hut 
also tt» the I.irgest jiroducts of metilliirgical 
industry, siuh as guns and armour plates. 
The quenching of large ohji'cts is a matter 
of considerabh* difliculty, mg tt) the im- 
! portance of si'curmg a uniform temperature 
^ m the object at the moment of quenching, 

I .111(1 also a uniform exposure to the (‘oolmg 
! agent. 'I’hus the largc'st gun-tul)cs, nu'asurmg 
i up to 70 fci't 111 length, ai© lu'ab'd prittr to 
! quciudung m tall vcitical furnaces, and are 
j tlmii droppisi vertically mto a dc'cp shaft-like 
! tank c<»nt.uning oil (cotton scisl oil or whali^ 

1 oil is gcncially cmjiloycd). Armour jilat© is 
; more usually chillial by exposure to a fine 
j spray of water. 'I'lu* choice of the quenching 
i liijuid IS of considerable imjiortance. Water 
I produces the most \iaor<nis co»Jmg elfi'cts, 
i but is correspondiiiglv liable to cause cracking, 

' owing to tlic volume cluingt's which occur 
' during liaidcnmg. Oil gives much lower 
! rates of cooling, but is cori'cspondingly safer 
! as ri'gards cracking, wink' the rale of cooluig 
I IS still fast enough to secure a dcgive of 
' hardnc.ss aihspiate for* many pui’iiosi's. It 
j has been found that the (pumel^iig p(*\\(tr of 
I a liijuid is only slightly affected by its actual 
i thermal c(»ndu(‘tivity, but dcjicnds a great 
j deal on the specific heat of the iKpnd, while 
its boihoL'-point, lament lunit of vaporisation, 
J and visco.'-ity also affect the result. Mercury, 
I in spite of Its high thermal conductivity, 
I affords loss vigorous (jiicnching than certain 
j kinds of oil. 

i The ojKTations of (pienohing and annealing 
j are frexjuenlly uixsl m the laboratory in 
I connection with the investigation of the 
constitution of alloy* systems. In onlcr to 
secure s|H*cimens of an ailoy which has 
attained, or nearly attained, an »quilibrium 
condition at mme selected temperature, it is 
gcncratty necessary to maintain the specimen 
at that temperature for many hours. A still 
better mothwl consists in first cooling the 
specimen exceedingly slowdy down to the 
selected temperature from a higher one, and 
then maintaining it there for a long time. 
.Special thermostats, working on the principle 
of the gas therraorneter, have been devised 
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hy riKvms nj vvliidi both v^'ry gruflmil Cfiolintj 
arifi the mjiirit<‘n.incc of any (loairt'd t<‘rnjM‘ra- 
tiirc lip t'l with a variation of not 

inori! tliaii t I (\ can be wTurcii.' Jt is 
further neccHsary, in many ciaHi's, to observe 
Hpecnmms of m*‘tal which hav<> be<‘n (jiienehed 
or chillcti from a (Ictiiiitc annealing t(Mii[)era- 
tine, tht' ol)|c( ( iinncd at hoini' to retain, as 
ni'iiily aw possible, the I'K.u't inlcmal^stiueture 
whnh was pri-.siMit ni the wpc'cuhen at the 
nuanent of sinhlcn eoolm;'. A wpiHual ipieneh- 
in;.' appaiatns has lasm tlcvised for this ])urpose, 
in winch the sm.ill spi'cimcn of metal 1 u‘H in a 
tube of vilrt'ous siliea p.issm^' throui'h a small 
electric lesistanee furnace. 'I'he silica tube 
IS exhaiistisl, one end beiin; eonneebsl with 
an air-pump, whih' the othei is elosi'd with a 
lar>^a>-boi(‘ jdass t.ip which shuts the tube oil 
from a vessel eoufainin^ the i|ueni-hin'i lluid, 
rtueh as cold water. Wliiai tin* spe* niieii is 
• to be (|Uenched, tht‘ ( hs lne einient is suiti heil 
olT and at the same time tlu' lar^e tap is 
opeiiisl. 'The walt'i, under l.he pU'.ssuie of 
the aliiiosplnte, swi'eps into ami throueh 
the silica ‘'liie and rapidly ehilK the .small 
pns'e of nii'tal.'* 'I'lns (luenehnin operation 
is (dteil used toi the pinpttse of aseell.iumio 
the preci.s(' temperal me at which the lirst 
wiL'iis of incipient fusion be<-ome peieeptible 
in an alloy. In a i|U('nehe<l specimen the 
presence of even minute spi'cks which wck' 
aotimlly li(|md at tlu' moiiu'iit of nu<“nehint[ is 
readily ilideided, s^< that the «>\ammatmn of 
a .si'iii'S of s|K'ciniens iimmched .it suecessivi'ly 
hii^hi'r t(Mup('ratuies maki'S it possibh* todeter- 
iniiU' with considerable accuracy tlu' “solidus” 
or ti'inpi'iature (d complete sohdilicatiou of 
the alloy in pnestion. 

§ ( lU' ('.\siMi mihknInh. - -Of f)rocew.s<'.s whu h 
eombului chepueal with thermal ludioiu that 
know’ll as l awe - hanlenni^' may be taken as 
typical. Tho piitjioseof this process is to pio- 
vide a pu’ce of .soft mild sti'cl witli a thin 
liard outer coiciini' or ca.se for the pnrposi* of 
enabliini; it better t<' ri'.sist wear. 'I'lns object 
is attained by causinjj; the outer layers of 
the .soft stiH'l to take up an increased amount 
of carbon by absorption from a .suitable en- 
vironment, and follovvuij^ this by a iiuenehmii 
pnicess which hanlens this outer layer i*f 
high-carbon stw*! while it does not hanlen 
the eort' of orimnal soft ‘steel. The operation 
ia carried out bV emlH'ddmg the piece of steel 
in a carh.insing medium, which generally 
oonsi.st.i of carbon m the form of charcoal 
mi.\ed with .some other substnnoe, sUch as 
barium carbonate, and enclosuijl; the whole m 

‘ Uaii|?liton and Hanson, *' A Thermostat for 
Moderate and Hlfih Teinpeiatiires,” Inxt. of Mdah J.. 
1015, it ; " Knrtlier Notes on a HlRh TcniiH*raturo 
Thermostat,” tfiui , 1017, it 

' Ibtsonhain, " Tlie Metallnritleal and Chemical 
I^aboratortes at the National Physical Jiaboratory,” 
Iron and SteH Ind, J., 1008, 1. 


I as nearly an air-tight manner as possible in 
! cast-iron boxe.s. The whole is then heated, 
I geneially to a temjieratiiro of about 900'^ 0., 

I for a number of hours, iluring which carbon 
j passers into the outer layora of tho steel. 
Snhseqnently, the (‘arburised stcrl is suhjcHtc'd 
to a double cjiienchmg, and sometime.s to a final 
UmipcTing ()roees.H. An e\tc‘n.sive literature has 
I b(‘en ere.ited in eonnc’ction with this process, 
j Tlic converse to tho process of case* -hardening 
J IS that whereby the usually hanl and brittle 
. eastings made of “ white ” east iron are 
I icmdered soft and ” malleable ” - heiu’e the 
pio(;e.ss IS sometimes known by the inelegant 
name <4 “ imdleahlising.” Here the casting 
is p.'ickcd in non oxide and also exposed to 
I lu'.it for ii cousidcrahh' nuinix'r of houis. 

! Tli<‘ rc'siilt IS a paiti.d removal of carbon from 
i tin* ca.stiULS lui^ there* is also an (‘Xtciisivo 
and hcnctici.il icarrangciiiciit of the intcinal 
I constilm Ids of the ca.st iron, pin tieiihii ly a 
j ([(‘position of some of tin* c.aibon m the foim 
j of a .special vaiict_\ of (incly divided giaphitc*. 
Togcdlu'i, thi'sc ch.-^ges ivndcr the casting 
soft and to some* (‘\tciit ductih** 

Somewhat analogous to (MS(‘-]iaidcning is a 
piocc'ss which is applu'd t'> non-ferrons medals 
! .IS well as to lion and steel, known as 
“ Sh(*r.u’dism‘' ” llcic tlu* (d)jcct is not to 
fiiiiiish the metal with a hard co.iting capable 
of icsislmg wcai, hut with a (‘oating cap.ihle 
of r-sisting (oirosion. The metal apjdicd is 
/.me, and the proems coiisist.s m eml)e*ddmg 
the article to he treated m /me dust m closed 
boxes and he*atmg I hese to a mode*i.ite teiujiera- 
tuie ((>00 ’ ( ' ) foi .1 few hours Tlu* article 
becomes e*o.'il<'d with an adheiviit layer of 
/.me, and this iriet.al also jn'iict rates into tho 
article* 1.) a .slight (h'pth. A somewhat 
similar tivatnu'nt m which the coating 
prodnee'd consi.sts of a mixture of iduminmm 
and aluimnmm oxide* is known as “ c.ilorismg, ’ 
and IS e*m|iloy('d to jii'ote'ct iron or .steel again.st 
scaling when exposed to high temperatures. 
Tlu'^se kilter procc'sse's, howen'cr, (an .scarcely 
he ivgareied as constituting thermal treatment 
of the mebds which an* coated, so that they 
fall .somewdiat ontvSide the .scope of the jire'sent 
article*. 

METAI^S, THE THERMAL STUDY OF 

(The* UgurcH tn brackets refer to tlu* Rcf(*rr*nc(*s 
at tbe end ) 

The the'rmal study of metals lias proved 
one of the most fruitful methods of e.xplor- 
ing the internal equilibria of alloys and 
the trant.fonnationB which metals undergo 
Fundamentally, tlie method con8i.st.s in deter- 
mining the temperatures at which metals 
give out or absorb heat wdiile lioing heated or 

• Hattleld, W. H., Cant Iron in ihe Light of Recent 
Retearch (P. Griffin & Co., Ltd., London). 
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cooled; but when carefully applied uith the 
aid of suitable apparatus the method also 
furnishes at all events an u])])roximate estimate 
of the amount of heat winch is evolved or 
absorbe<l during any given change. While 
thus fully recognising the fundamental mi- 
poilance of tin* method as a means of study- 
ing alloy systems, it should lx* borne m mind 
that it IS not ('apable, by itself, of furnishing 
eom]»lete insight into thermal equilibria, and 
that the attenqits whu'h have been made by 
some worker.s to ri'ly entirely upon its in- 
dications in establishing equilibrium or con- 
stitutional diagrams have led to unreliable 
rt'sults. The be.st use of the method lies m 
fimiishing an almost unfailing guide to the 
study of the mu ro-stnic ture of any alloy 
sy.stem, and m afloiding the nei-essary data 
on which annealing and mienching experi- 
ments can be basi'd. • 

§ (1) Tiiiimvivi. ('i RVKS. — The study of 
thermal changes in metals and alloys during 
luaiting and cooling is usually conducted 
by the prciiaration of pleating and cooling 
curves, or as they are ('onqirehen.sivcly 
called -thci mal curves. Thew* may be deter- 
mimsl e\|x‘rimentally in a vaiiety of ways, 
and are ca])ahle of grjqihic itqircM'iitulion by 
v'arions incthod.s, the more imjiortantof whicli 
aic dcscnbcd Ix'iow. Kssi'iitially, however, 
the c\])cnmerital method always includes 
the observalioii of the temperature changes 
which ocdir in a specimen of metal wdulo 
heat IS supjihed to it or abstracted from it 
in the most rcgulai manner wliuh can Ixj 
practically realised. So long as the sanqile 
under obseisation umh'rgoes no changes 
which ahsoib or liberate heat, its teiiipeiature 
changes coiresjKind merely to the into of 
application or withdrawal of heat; so soon, 
liow'cvcr, as the metal undergoes a change 
involving heat ai).sorption or evolution, its 
terrijierature no Imiger follows the same 
regular eonise, and observations of its tern- 
jicratuie indicate a more or le.ss marked 
irregularity - some (hqiarturc from the rate 
of hc'atmg or coolmg which had ])reviouHly 
been in pi ogress. Any graphical representa- 
tion of such obs<‘rvations indicates at such 
points a departure from regularity which is 
generally t-ermed a “ critical ” point or range. 

§ (2) Fornai’K.s. — The thermal study of 
metals requires lii-st the provision of means for 
heating and cooling the s]X‘Cimerfs umler obser- 
vation m a suHiciently regular and umforra 
manner; means for measuring and recording 
the tcnqx'ratnre of the specimen are then 
required, and finally graphic represeitation is 
given to the obsi'rved dat^ in various ways 
whose jihysical interpretation is of importance. 
The subject will, accordingly, be treated in 
regard to these various aspects in approxi- 
mately the order stated. 


: f i.) Xaiural Cooling .— aimplpst and most 

I obvious method of heating niid cooling a small 
■ Hixviiiien of metal is to place it in a small 
furnace and allow it first to become heated 
together with the furnace, by the ojx'nition of 
I a flame or an ekadne curnmt, niid then to 
' all .w the sjH'ciiiun to cool naturally with the 
1 furnace after the supjily of heat has bt'cn cut 
off. Where obsorv itions during cooling only 
are rcqufn'fl, some degri'e of siieecKs can bt* 

I attained by this Minple method, since most 
: ordinary laboratory furnaces, whether gas- 
heaU‘<l or elect ne, cool suflieiontl} steadily for 
; the imqxise. In regard to ohservations during 
heating, however, the piisitnm is very (hlferent. 
(Jas-heated furnaecH ve ry rarely show' a sulhei- 
eiitly steady rati* of lii'atirig, vvliile with most 
electric furnaces it is not pi»ssible to carry 
, out heating from the ordmfr’y leiiiperalure uji 
to, say, KMKr ('. wifliout several adjustments 
of the heating current. Such adjiistnients, , 
however, introduce ubriijit changes in Hie 
rate of heating, and these inteifi'ie w'ltli 
' thermal observations, ('onsequenllv , so long 
as iiive.stigato!H confined IIk'HiscIvcs lo tlu'se 
simple fninaecs, the ajiplieation of the thermal 
method remained almost entirely ri'strK ted 
to cooling curves, a limitation winch niakuially 
lesscmed the value of the thermal method 
as a w hole. 

There is a further serious diHadvaiitago 
whii h attaches even to cooling-mirvcH taken 
by simjile “natural ’ epoling. In these 
cireunistanees, at the beginning of a seiies 
of observations for a cooling curve, the late 
of cooling is rajud, since the jiii'ci* of metal 
and the futnuee surrounding it aie both very 
hot and undergo raj>id “nalimil" cooling. 
As the actual kinperaflire falls, the rate of 
cooling decreases very eorisider^bly, and at 
relatively low teinj u nit urea IxToines very 
slow' indeed. Now the inaxiinum rate of 
cooling cannot for most juirjioses be allowed 
to OM Cl (I a fall of U" ('. per nimuti*, and to 
restiii t natural cooling to tins lak* at a krii- 
|K;rature above KmH) ' ('. reijiiiri s eitlier a very 
large and heavy furnace or very good thermal 
lagging. Till* consequence is that when the 
tenijierature falls Ix'iow 4(J0'' C. the rate of 
cooling of a heavy well-lagged furnace becomes 
excessively slow. 'Phis is very undesirable, 
for a nunilier of reasAns. In the first jilaee, 
instead of the ideal straight-ilne curve winch 
it IS dcsinxl to apjiroach in the ease* of a body 
free from thermal changes, a markedly curved 
, graph is obtained, with the result that the 
I base-line to which any thermal irrcgulanty 
i must be referred varies widely according to 
! the part of the tcmjxirature range where the 
! irregularity occurs. This makes it very diffi- 
i cult to form even the rougliest estimate of the 
' real magnitude of vanous thermal changes 
I which may come under observation. 
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Further, there iH a lower limit to the 
rat<i of cooluiK whii h it w permiasiblo to use 
when looking for ovidenees of thermal tranw- 
forirmtionH. With unduly hIow cooling, 
the ten)|)erature elTeots of anything but a 
large heal-«' volution become almost entirely 
sniootheil out, and it is qmto obvious, from 
an i[iH]K«etion of (crtain of the constitutional 
diagrams jiut forward by some of the earlier 
workers in tins liidd that im|)ortantf thermal 
changes have liccti entirely overlooked from 
this cause. 'I'hc very slow cooling at relatively 
low tem]H'raturc8 has the furt.hcr siTious dis- 
a<l vantage that it adds seriously to the time 
occiqticd by the observations for a cooling- 
curve, Various attmnjits have been made to 
overcome these ditheultics. 'riuia the cooling- 
curve might be taken in two or more smies 
of observations, ittade in dilfcreiit furnaces, 
eai’li covi-ring a range in which its rate of 
, cooling was satisfactory. Kven if these various 
ranges arc miulc to ovcrla]) considerably, tins 
is not a safe proceeding, iM'cau.sc, m certain 
allots at ail events, the nature of the lower 
eriticul points depends to a large extent upon 
the actual ma.ximum tenn»eraturo from which 
that particular cooling process has been begun, 
and upon the rate at which certain of tlio 
U])])cr critical ranges liav<' bcmi traversed. 

(ii.) ElrHric -In view of thcao 

considerations, elTorts liaie been made by 
several workcis to dovist^ apparatus m wbicli 
8]Kvim(ms of metaj undi'r thermal observation 
could 1 x 1 lieatcil and cooled not only at a 
steady but at a uniform rate throughout the 
entire range of tcmiH^rature required for such 
observations. Broadly, two possibilities pre- 
sent thoms»>lves. 'I'lie lirst, and perhaps the 
most obvious, is to i<tmstruot an eleetrieally- 
heateikfurnai^o who.s(; tem^H'ratuio will rcs^iond 
very rapidly to any ehango m the heating 
current. With such a furnaee, if means aro 
])rovided for steadily and gradually altering 
the current in -put aeeording to some pre- 
determined law, it is ptissible to obtain uniformly 
rising or falling tem])erature8. A furnace, 
however, which rapidly follows variations in the 
heating current must necessarily be one having 
very small thermal capacity as compared with 
its cooling surface ; it will therefore be very 
inetticieiit from the thermal 'j:)oint of view. In 
other words, a furnace that will eool sufticiently 
fast, oven with* tlio heating current entirely 
out off, say at 400° (\, must necessarily require 
a very high eurnmt in-put at 1000° C. While 
this may not bo a serious matter fr<f>m the 
jKunt of \iew of the cost of tlectric energy 
for such a puiqiose, it entails at least one 
very serious disadvantage. The loss efficient 
any electric resistance furnace is, from the 
thermal point of view, the higher is the actual 
temperature to which the heating resistance 
itself must be raised in order to attain a given 


temperature in the fumneo. This over- 
heating of the furnace winding is the most 
fruitful cause of rapid dettuioration and 
“ buniing out ” of such furnaces. In view of 
the serious cost in time and materials which 
frequent re-winding of furnaces entails, this 
constitiite.s an important objection to the use 
of the method just outlined. 

There is also the further objection that the 
regular variation of the heating current 
according to a pre -determined law, which 
is required in order to secnro uniformity in 
the rates of heating and cooling over a wide 
range of temperature, demands a somewhat 
complicated electrical installation. In spite 
of thctMi difficultic.s and objections, this method 
has lKH*n adopted and em^doyod with very 
icniarkablc success by Burgess and Crowe (1) 
at the Bureau of Standards m Washington. 
Tlioir published' curves, particularly those 
relating to jiuie non, show how closely their 
a]iparatu8 a])])roachcs the idi'ul condition of 
uniform rates of heating and cooling. 

The other pos8ibilit,y is to abandon entirely 
the ])rinciple of allowing furnace and specimen 
of im*tal to changi? their temperatures together 
and to substitute an a])]>aratus in which the 
tmuperature of the s]H>cimcu is changed at the 
desired rate by moving it from a cool to a hotter 
place or vice verm in a suitably -designed 
furnac(‘. For this puipose it is necessary to 
construct a furnace in which there is a suitable 
steady and uniform tcm|H'raturc gradient 
and to employ some means of moving the 
siiccimen steadily and gradually in the 
direction of this gradient. This method has 
been adojited very successfully at the National 
Fliysical Liboratory (2), anil it luis been found 
possiblp to employ it without the introduction 
of any elaborate apfilianccs. 

(lii.) Gradient Funuiee.'^!, — The “gradient 
furnace” used for this pur ])080 consists of a 
vi'rtical tube heated electrically at one end 
and kept cold at the other. It lias bi*en found 
that in this way a satisfactory tenqierature 
gradient is obtained, a tulH> 36 inches long 
being uniformly wound for a length of only 8 
inches at the u])iK'r end. It is not suggested 
that the actual temiierature gradient in the 
furnace itself is strictly uniform. If a scries of 
thermo-couples were iirnwh'd at a number of 
points in the length of such a furnace, and 
their indications were plotted against their 
position in the furnace, it is not anticipated 
that a straight line graph would be obtained. 
The gradient is, however, such that a piece of 
metal which is moved up the centre of the 
tube at ^ constant 8ixx>d rises in temperature 
at a constant rate so long as it undergoes no 
internal transformations. This condition is 
easily verified by taking a “ blank ” curte 
with a piece of platinum which, up to 1000° C. 
at all events, undergoes no th«^mal changes. 
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The heating of such a piece of metal, however, 
is due, in part at all events, to direct nidiation 
from the hot end of the furnace tul>e as well 
as to more direct heating from the sides of 
the tuhe in the imnuxliate neighlKnirhood 
of the s])ecimen, so that a strictly uniform 
temptiniture gradient in the furnace itw-lf 
would probably not lead to a uniform rate 
of heating. None the less it is found pivfer- 
ablo to make the tubes (d these furnaces of 
materials ha\ing the highest available thermal 
condiU'tivity, since thi.s iS found to huigthen 
the useful region of the furnace very appreci- 
ably. For tem]H*raturc8 u]) to 700° (’. iron 
tubes arc found successful. For higher 
tem]ieratures more refractory tuU-s such a.s 
fire-clay or “ alundum " ha\e been usiul, but 
mure recently a s]>orial heat-rcMstmg allo\' 
known as ‘‘Iteactol” has Ix'come availabh*, 
and tlii.s is found satisfactory u]) to temiK-ra- 
tiires of 1(MK) ('. 

In onler to avoid convection currents, 
whuh would Intel f(U(‘ sciiously with the 
woiking of HiK'h a “gradient” furnace, it is 
found necessary to close Tlie lower end of the 
vertical furnace tube m an air-tight manner, 
the hot end of the furnace b(ung always 
placed at the to}>. In the more usual ty])e 
of furnace, the nn lal s])eoimen is .sus]Kn<led 
through the top, which is fitted with 

stopia'rs that permit tlu' necessary rods, 
tubes, or w'lres to pass into the funiaci*. 
Where the metal can be exposed to eonfa< t 
with air during the thermal observations, 
it is plaeecl in a .suitable ree«>filaele, wliieb is 
suspended by means of luclirorne wues ()a.s.sing 
down throiigli a tube of vitreous silua. Where, 
how'ever, a controlled ntmos^ilu're or a vacuum 
is desirable, the siiceimen Ik's at the lovver end 
of a long tube of vitreous silica. I’he lovver 
end of this tube is sealed, while the up]K*r end, 
which always remains well outside the himae^^, 
is closed with a rubber stop]XT through which 
pass the wires of the lhernio-eou])lo and a 
gla.ss tube eonnccU’d with a stop-cock. TJiis 
entire tube, with the ff|)ecimen and thermo- 
couple wires in place, can be taken to a ])um]i, 
evacuated, and then taken to the furnace, or, 
alteniatively, the pump can bo ke])t con- 
nected to the tube through a flexible con- 
nection, and exhaustion can be continued 
while the thermal observations are in progress. 
A tube of vitreous silica for this purpose 
may conveniently measure alwut 1 inch in 
internal diameter and have a length of 40 
inches. For use with such a tube, however, 
the furnace tube itself should have a diameter 
of not less than 3^ inches. If they moving 
tube or even the specimen in its bare 
receptacle is too nearly a* fit in the furnace 
tube, the thermal conditions are unfavour- 
ably affected and undesirable complications 
are introduced. 


In a more rtv'cnt modification of tliis ty|)o 
of “grmlient" fnniaoo the arrangement for 
carrying the sjH'eimeii of imd.al into and out 
of tho hot n*gion of the fiirnaeo lias Ikhui 
mvert«Hl; the fuinaco is jHumanently oIowhI 
air-tight at tlie top ami the Kpeeimeii, with its 
atta- lied thermo-toiiple, is pushed Uj) tlu' tub<‘ 
from ladovv b\ uuaiis of a rigid rod, either of 
metal (.'■’fori) or ~ for higher temjK'ratim’s — 
of carboifui'ium or otin- refraitory material. 
This rt'fpiir<"< rat! er mon* elaborate meehunieal 
arrangements, and vmy careful sup^sut for 
the 1 hrrmo-e(>u]»!c wu«“s is iiei'di'd m onler to 
avoid all rl.'^k of their Inung either ruptured by 
their own weight or pulled even slightly out of 
position in the 8|H‘cmien of metal In other 
n*.s]K*(fs, however, tins modilieation has the 
advantage that only the ext nine end of the 
tliermo-< ou])le, situated the sjH'eimen 
ilw'lf. IS ever e\])ose<l to the maximum 
temiM'ialure, the le^-t of the couple wires 
Is'iiig alwavM cooler than tlie s])eeimeii. in 
the ordiiiaiy (o])]>oMte) arrangement, the 
Muiple wires im.-s through a n'gion of the 
furnace at the top which is always holler than 
the maximum tempi'rnture reaeheil by the 
8|)ecimen, ami this is a slight disadvantage 
m all eases, it Incomes serious, liowever, if 
temperatures a])pr<»aehmg the limits of use- 
fulness of ]»latiniim-])latmrho(lium tliermo- 
coujik's are I'D he ohseived, and it is for 
juiqioses of that kind that t ho inv o^^ed arrange- 
ment has been jirimanly a(h»pted (.3). 

The methoil of moving 11*1' specimen up and 
dowm in the graiiient funiuco will de))end ujxm 
th(' aj»])lian<‘es availuhh'. Simple inechauieal 
hoi'-ting and lowi-img by llie wiuding u]) of 
a cord or thin wiie on a diiim driven by 
g(*armg fioni u small ekwtiic motor has been 
used with buceess. Where the U'mji^ature 
nK’asurements are made with hi|?hly sensitive 
a])])arutus, however, and it is desired to push 
neciiraey <<» the greatest ])ossible extent, a 
means of using and lowering which gives 
a steadiiT motion is desirable. Wherever 
gearing is used, some backlash is inevitable, 
while an ele«tric motor, even when driven 
from a storage batU'ry, dfx*8 not maintain a 
])erfeetly constant K]n>e(l unless very carefully 
governed. For work entailing the highest 
accuracy, thendore, a simjilo gravity drive 
IS jiaderable, an<l th(j*rak? of motion is then 
best controlled by the How of a liquid, such as 
oil or wati'f, through a small orifipe. As it 
is very desirable that successive heatings and 
coolingi in a senes of determinations should 
bo earned ou^ at the same rate, the orifice 
used for regulating the flow should not be an 
a<lju.Htablo one, but a series of definite orifices 
should l)e available, so that the same one may 
be used whenever the same rate of rise or 
fall IS desired. Even then attention must be 
paid to the temperature of (J|ie liquid (oil or 
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water) Hinot* Blight uhangcH of tcmjM'raturo are 
liable to bring about n'latively largo changes 
of viHconity in the In^uid. 

§ {',)) d'liK Si’EriMKN. — The ehoico of the 
Hize and HhajM' of the 8]M‘cmien8 of metal 
to be used for tlujrmal examinathjn is to 
Bomc extent dejK'udent upon the mode of 
heating and cooling which is to be adopted. 
Ah regards the mass to bo used, it is 
evident that the total amount of hSat which j 
is absorbed or evolved by a given change in 
the metal will vary directly with the mass of [ 
metal which is -jireHcnt. On the other hand, 
the larger ])iece of metal inevitably entails 
the consecpience that some ])art8 of the j 
H]KH'imen must be at a greater distance from 
tlie thermo-couple, which is, consequently, ; 
not so quickly affi-ctod by thermal changt'S i 
whicli occur in tlv^' more remote iiarts of the 
specimen. hTirthcr, since the s-|K‘Ciniens of j 
metal are always in process of either cooling ; 
or heating, a teiuja^rature gradient must exist , 
in tlunn, and this gradient mu.st In' tlie same J 
for th(' same rati' of changi' of tenqM'rature of j 
a specimen of the same material, what^'ver its j 
dimensions or in wliatevcr manner it is being 
heated or cooled It follows tliat in a larger 
jaece of metal the maximum (enqKTature 
ililTererne between the hottest and (he coldest 
portion must, for tlu' same rate »d cooling, 
bo proporti mately greater. But tem]K*rature 
dilTorences i^etween various parts of a .s^ieeimeii 
an* a serious disadvantage, since it follows tiiat 
in cooling, for I'xamphs the voUh'st iHirtiona 
of the s^K'cnnen will reach a critical tempera- 
ture, where a heat evolution oecum, a little j 
bofoix' the hotte.st part of the sp'dinen — 
which is generally near the centre where the I 
thermo-couple is plnci'd has reaelietl that 
same c,ritical k'liqK'rature. 'J’he heat-cvolution 
occurring in khe colder parts of the 8]K'cnnen, 
however, very .soon begins to atloet (he thermo- 
couple by reducing the rate at which heat 
Hows outward from tlie hottest parts. The 
thernio-eouple will therefore Ix'gm to indicate 
a de])arture from normal steady cooling 
slightly before it has itself reached the teni- ; 
jieratnre at which the beginning of the ' 
transformation rcallji occurs. The inaximum 
ditfeix'iioe of tem])eratiire between the thermo- 
cou])le and the coldest ^larts of the specimen 
must thert'fore be kepf very small if really 
sharp uuUeations of the beginnings of critical 
changes aye to be obtained. This consider- 
ation would suggest the use of small 8])ocinien8, 
but where “ natural " cooling is adopted 
there is the very' strong eonn,*ervailing con- 
sideration that with small specimens the rate ( 
of “ natural ” cooling is apt to bo unduly 1 
fast, or, if this is controlled by the gradual ! 
cooling of a large furnace, then the heat 
evolutions due to the specimen will be merely 
small effects superyiosed on what »h really the 


cooling-curve of the furnace. In the case of 
the gradient furnace, however, the considera- 
tions arc somewhat different, since there the 
inaximum temiK*raturc differences depend to 
some extent upon the shajie of the specimen 
as well as on its mass. 

For “ natural ” cooling, which takes place 
— a])pro\iniatcIy at all events -equally in all 
directions, it is obvious that the best shape 
of the 8-[MH-imen would be spherical ; f»)r a 
given mass, and a given temperature gradient, 
the spherical shape gives the mininnirn tciniier- 
ature difference between centre and outside of 
the specimen. In the gradient funiacc, how- 
ever, healing or cooling docs not take place 
even approximately to an equal extent in all 
directions. In fact, in a siiccimen which is 
slowly moved along a tube heated at one end 
and cold at the other, while lateral heat losses 
are minimiseil Ky good thermal lagging, the 
isotlu'rmalH would approxiniak' to a siMies of 
planes at right angles to the axis of the tube. 
In Bueb a ease the up))er surfuee would always 
be the liotte.st and the lower suifaee the coldest 
part, of the s])e( inu*n In order, thendore, to 
dimini.sh the ddTerenee.s of bmiperatuu* which 
inevitahly occur, it bei’omes desirable to 
eoueentratc the sjieeimcn into a sha])e approxi- 
mating to that of a Hat dhse lying at right 
angles to the axis of the tube. In ])ractiee, 
a convenient shape for sja'Cimens winch are 
not to b<‘ melted winle under thermal study 
is tliut of a Hat truncati'il double cone, as 
shown in diagrammatic sectifin in F'kj. 1. In 


pmm,. 



the ease of alloys in which the thermal curves 
are to Ih' taken so as to mclmle the mellmg- 
point, the nearest ap]troaeh to the ideal 
shaiw is obt.ained by using them in the form 
of a Hat disc of metal lying in a shallow, 
Hat-bottomed crucible, such as that shown in 
diagrammatic section in Fiq. 2. In both 
eases the thickness of metal available in a 
vertical direction becomes too small to allow 
of the insertion of a thermo-con])lo with any 
satisfactory “ depth of immersion.” The jilan 
has therefore been adopted of inserting the 
thermo - jiouple horizontally, in the central 
plane of the sjieciraen. In the double-coned 
8|)etiraen this is easily arranged by drilling a 
horizontal, radial hole in the piece of metal, 
and inserting the thermo - couple directly 
into this in such a manner that the actual 
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junction lies cUkst* to the geometrical centre ] 
of the aiK'cimen. Where the 8]x'eimen is to W* 
contained in tlie Hhallow crucible, ho\ve>er, 
it becomes nocesKury to ])rovide the crucible 
with a 8mall lateral 
tube into which the 
couiile can lx‘ jnislual 
hori/.ontallv, again lo 
as to he close to the 
centre of the, mass of 
metal. 

While it iH, |K*rha]ia, 
a little inoiv trouble- 
some U) m.MTt the 
Fio. 2. thermo-couple m this 

position, an inputrtnnt 
additional adxantam* i.s gained thereby. The 
entio' cou])l(‘, so far a.s it is within the 
.spedinen, lii's in an a](])io\imat<‘lv isothermal 
j»lan<‘, and the wiie as it lca\cs the s]M‘umen 
emeigcs into suironnding.s still at tin* .same 
tmnjK'iatuic. Distuihance of tlu' indn'ation.s 
of the couple by condm tioii of heat along its 
wires is tliercfor(> eliminate m a ])articuhirly 
satislactoi y manner. 

Till' question whether the various conditions 
outlined al)o\c have been satisfied to an 
adcipiaU! extent in anv gi\en experimental 
arrangement can be readily tc.sted b> coiiqiai- 
ing the heating and cooling curves obtaimsl 
for a pure im-tal or for a puie binary (uitectic 
alloy, bittli of which show single, shaiplv- 
delined melting- and free/ing-]toint.H. If the 
shapes of th(‘ curves ari' similnr and the tiun- 
peratuies of niidting and fiee/ing ate found to 
coincide to the de.sired degree of accuracy, 
It may safely be concluded that the entire 
arrangement is .satisfactory. It may Ix' men- 
tioned, lioweviu, that such critical ]sun<s u.s 
tho.se of steel cannot lx* used f(*r making such 
a U'st, since tlii'y do not generally occur at 
the same temtxuature on heating as on cooling. 

§ (4) TKMeKKATllUr, iMKASL'I<L:MKNT.S,~ We 
])ass, next, to a con.sideratioii of the methods 
by which the temiKuature and the tenf- 
]K*raturo changes of the sin'cimen of metal 
may l>e observed and recorded. 8ineo the 
use of thermo-cou])les is now almost universal 
for this piiqukse, attv'iition will be conlined tn 
them. The thernio-coiijiles most widely used 
are those of which one element is pure platinum 
while the other is most frcipiently a wire of 
platin -rhodium containing 10 jx’r cent of 
rhodium. Platin-iridium is sometimes used 
and has the undoubted advantage of affording 
a higher thermal E.M.P. ; the tendency of 
iridium to volatilise, however, renders thc8<» 
couples somewhat less stable and tlscreforc 
leas reliable for this piiqios®. For temjiera- 
tures Ixlow 700° (1. it is ■jxkssihle to use certain 
bose-metal couples, such as iron-constantan, 
which have the very ini^iortant advantage of 
avoiding the e.xccssive cost of platinum and its 


alloys and at the same time affosding more 
than three times the tlicrmal K.M.F. of the 
platinum couples. S'la'cml cart' is, however, 
HHiuired m rcgaid to the fn'qiicnt rc-cali- 
bration of l)us»‘ metal couples, and also in 
calihiating each new couple, on ac<’(uint of 
the fut that flu.M- alloys are not ohtaiiu'ble 
with the same nc« urate rejiruduction of i'om- 
pksition amt iMiiscqucntl} - of ( lu rmo-ch'ct ric 
pnqM'itics v\ hu h lias Ism u nchicved m]ilntmum 
alloys. For very 'ugh tcm]K“raturcs, and where 
work can be earned out. m a liigh vacuum, 
the use of couples cmisisting of tiingstt'ii and 
iiiolyhdcnum wires has rei tuitly been suggt'sted. 
Such couples, however, suffer fiom the serious 
disadvantage that the thcrmu-clcctric |)ower 
passt's through zero value and changes in sign 
at a ti'm^KTatuie near llkHP so that the 
cou])le is cntiiely u.scIcnk m^hat region. A".> 
higher tcmpcialurcs it laii he n.scd, jirovided 
it IS eompk'ttdy ])Mttccti‘d fiom tlu' action of 
oxygen, hut it^ thermal is vciy low. 

'I'hc use of wiies of s<mie of the highly ndiac- 
tory metals, how'cviT, tdfeis such vuhialilo 
jiossihihtics that it may he luqicd that ollu'r 
couples iiiav he fouml v. Imh aic fice from 
some of the disadvaidiigi's iiamia!, although 
the prevention of oxidation must always re 
mam a seiiou.s c\]>cnmcn1al limitation. 

In all cases, it is found prcfiTahlc that the 
actual juiictHm of the two wires constituting 
the cou]»lc should lx* made by unfogcnous 
fusion. (Jcncrally this can Vc ri'ndily uccom- 
plished by fusion in tlic hlowpqic, witli the 
aid of comprc.s.s('(i ox^giui. Direct welding 
hv means of a small clcctnc arc, or even by 
St liking a s]taik fiom suitably arranged con- 
di'ii.seis, bctwc'cn the wiics to he joined, has 
also been suci’i'ssfiillv (niploycil. Coiijilcs 
maile by mcrcl^V I wasting wim‘s t >gcthcr are 
n<»l reliable, even m tlic case of the jilalinum 
metals, whik' (he use of solders is to la* avoided 
wlierever jKissilih'. 

The v ’ll junetmns of the theniio-eouple 
are best kej t at 0 by immersion in ])ounded 
clean iee. Jf sueh lee is kept in one of the 
small vacuum flasks whicli are now ix'adily 
purchased, a single tilling of n few oiinees is 
sufficient for a whole day’s work. Where the 
gradient fiinuees an* usc'd, sueh a small 
j vacuum flask containing the cold junctions 
I is easily raised and lowered with the tubes 
and wires carrying the sixa irnen itself, so that 
■ there need lx* no n'lative motion •Ix'twecn 
j the two ends of the thermo -eouide. The 
1 cold junctions are connecteil to the eleetneal 
measuring appaiatus by ordmary leads ; only 
where extreme su curacy is aimed at do these 
require 8]f>ecial attention. Then, however, 
possible minute electrical leakages from high- 
tension electric currents used for heating the 
furnaces or driving motors, etc,, must be care- 
fully guarded against. Anuther^ssible source 





436 


METAI^, THE THERMAL STUDY OF 


of error may arise from thermo -eloctric effects 
duo to connections hetwoen leads and binding- 
screws <d difTetcnt iiK'tal, i>articularly where 
comn'ctions pasH through a HwitiddK>ard or 
similar a]ii)UMnce. For tho best woik it is 
]jrobably worth while to use a single unbroken 
eopjH'r lead direct from the cold junction to 
tlie terminals of the mcasnmg instrument. 

(i.) JJtred Il(^adni(/ i -- The 
methods which have been employed for 
measuring the thermal E.M.F., and, thereby, 
tlie tem]M'raturo of the 8])ecimen, vary very 
widely, ranging from tho Him])le reading of a 
millivoltmeter having a poinU'r and scale a 
few I’cntimetres long, to tho use of elaborate 
forms of poU-ntiomeU-r in conjunction with 
H]H'cial ty|K‘s of recording chronograiihs. 'Pho 
usmd proci'duro is to allow the pointer of the 
millivoltmeter of the spot of light rcllccU'd 
from tho mirror of a galvanometer to ])as8 
' over a scale, and to note or n'coid the times 
at which it ]»asHeH certain ])omks on the si'ule 
whicli coiresjioiid to ('ijual or ap]iroximak*ly 
eipial intervals of tem|H‘ratuie. Tho rate at 
wliicii the t.em]ierature of the s|M*eiriien is 
changing can in that way 1 ki observed, and any 
change of that rate -due to an evolution or 
ahsorp.tion of heat within the specinien can 
bo noted and recorded. 

'I’lie us(' of a simple moving-coil millivolt- | 
motor, rt'ad by means of a pouik‘r and scale, j 
can hardl^' he regarded as adeijuato for any- ! 
thing moie than<a very rough appro .xiinat ion. 
'Phe sensitivem'ss of such an instrument is 
necessarily low, and thmi'forc, with nioilerate ! 
rates of cooling or heating, the pointer moves 
over the scah' vi'ry slowly indeed. Only \eiy i 
well-marked thern^al changes can therefore i 
b(> (h'tocted hy this method. When the milli- i 
voltifteku’ Uiving a material ])oink‘r is replaced J 
by a more sensitive rellectmg galvanomeU'i, ! 
the value of the method is multiplied sevenil | 
fold, since now the available length of scale , 
becomes eonsiilerahly larger ami tho motion i 
of the s]Mit of light, for a given rate of heat I 
ing or cooling of the s^K'ciinen, iH'comes cor- | 
respondingly (piicker. Here, however, two | 
factors must lie borne in mind w'hich militate 
against the attainment of any very high degnsi 
of aociiraey and sensitivity. In onfer that 
the indications of the galvanometer deflec- 
tions may be traiislaUble directly into thermal 
E.M.F. of tho couple and thence into tempera- 
ture, it fJi essential that the total resistance of 
the galvanometer circuit shall not vary 
apjireciably during tho entire healing and 
cooling o]>eration8. But tlfe galvanometer 
circuit must, in this arrangement, include the 
coujile wires tliemwlv’cs, and the temperature 
of these wires uiidorgoes a large change. As 
tho tomptTatur© coefficient of such wires is 
always high, their resistance will change very 
considerably, ^nd if this is not to affect the 


value of the galvanometer readings, a large 
swamping resistance must be interposed in 
the circuit. Similarly, changes of room tera- 
]H*rature will affect the resistance of the mov- 
ing cod of the galvanometer itself, and this 
kind of variation must also be “ swamped ” 
by on atldcd resistance made of a maU*rial 
having a very low t<*m'[X'raturo coefficient. 
All this involves that, although a fairly 
wuisitive galvanometer may be used, its actual 
I sensitivity must be cut down very materially 
I by these added resistanees. A secfind factor 
j which causes some difficulty and is liable to 
I introduce unsiis|M*cti‘d inaccuracies is the 
I tendency of many siuisitive galv anomctcTS to 
! undergo slight changes of zeio, particularly 
j after a somewhat considerable deflection, 
j 'Pile caieful avoidance of exce.saive deflections 
] therefore becomes important for work of this 
j kind. 'Pile (hrticulty can be overcome in 
; another way hy using a galvanometer having 
! a lu lilar snKjieiisioii, and for puiposes of direct 
deflection roudings Hus is cutiicly satisfactory, 

' since hi -filar gi>’vunomctci8 of sufficient 
' sensitivity can Ik* obtained for this ])ur|)oso 
I (‘ven after the iiitroduetion of the necessary 
“ swam])ing ” resisianee. 

(n.) The, Poteiitiomefer Method. — 'J'hcre can 
lx> no doubt, how'c'ver, that the degree of 
sensitivity and aeeuraey obtainable in such 
k'miH*ratuie ohsm vations can he very con- 
siderably meieasc'd hy utilising the potentio- 
mek'r for the <leU*rmmatioii of tlie E.M.F. of 
the thermo-cou])k>. The oidmary, simple ty|>e 
of slule-wire potentiometer, howi'ver, is not 
well suited for this jiurpose, on ueeount of tho 
difficulty of following with such an instrument 
the varying Fi.M.F. of the couple duiing a 
eoolmg or heating o])<'rntion. Ideally, it would 
1)0 desitable to maintain the galvanometer 
constantly at zero by moving the slide-wire 
eontaet at ])reeisely the rate demanded at 
each instant by the changing toin|)erature of 
the eoujile. If this were done there would be 
ifo current flowing through the galvanometer 
eiremt and the changes of resistance, whether 
in the thermo -couple wires or in tho galvano- 
meter coil, would become immaterial. It is, 
however, extremely difficult, if not impossible, 
to ensure this state of affairs in practice, 
liecause it is very difticult to follow exactly 
the changes of the E.M.F. of the couple b;y 
movements of the slide-wire contact made by 
hand in the ordinary way. The difficulty lies 
in the fact that it would become necessary to 
time tho exact instants at which the potentio- 
meter contact passes over successive points 
on thV) slide - wire corresponding to equal 
temperature (on E.M.F.) inten^als. Conse- 
quently, any slight over-shooting of tho mark, 
or failure to follow exactly, would lead to 
relatively large errors in the time observationa. 
Since these observations are J^uired to attain 
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an accuracy of 01 second for intcrvala of 
about 8 or 10 seconds, this difficulty becomes 
considerable. 

A de\ice has therefon* IxH'n adopted which 
combines the convenience of observation 
aflonled by the detlcction metliod with the 
higher accuracy of nicasuri'nient which the 
ixitentioincter affords. In this arrangement 
a mort' o]M‘n gahanometer scale is em])loved 
than is |x)SMble with tlie simple deflection 
method, and when the galvanomebT has 
reached the maMinuni deflection desired, it 
is brought back across the scale by means of 
the ])otentiomet<*r, when it can begin a fre^sh 
series of deflections. This is accomplished by 
simply balancing a kimwn lajition of the 
E.M.F. of the thermo-couple by means of the 
pitentiomcter, leaving the nmiaindcr of the 
E.M.F. to produce a deflection. This com- 
bination of the tuo niethodi<t howexer, intro- 
duces certain complications. In the first 
place, sonic of the disadvantages of the direi't 
deflection nu'tliod remain t-o Ik* guardeii 
against, such as siiift of galvanometi'r zero 
and changes of semsitivit^ aiising from tein- 
•jM*rature changes, 'i'hc pob ntionictor ciir-uits 
rnuHt therefore lx* so arraiigeil that the galvano- 
nicter is always phu‘( d in scries with a relatively 
largo external re.'-astance. It is further neces- 
sary to sc'cure that the total resKstance of the 
galvanometer circuit remains unaffected by 
any movement of the [Kitcntio meter (‘ontacts. 
With the ordinary form of slide-w ire instrument 
this is not the ca.s<*, and a h|x cial tv^K' of 
poti*nti(*meter mu.st tlieiefoie Ik* u.*^'!!. This 
ty])e of instrument is indicated in tlie diagram 
(/’tV/. fl), where it will be seen that a change 



FIQ. 3 — T-Thcrnio-(oiii)lc (i ==Oalv(inoin<‘tcr 
K, K, arid S, S, - Pairs ol H*ts ot Potentiometer 
Coils M. M - Movable Potentiometer ( oiiUuts 
C Standard Cell, replaced in use bv Aeiumu- 
lator adjusted, with variable resistance V , to give 
desirevl ixiteiitials in R,, S, 

in the position of the potentiometer contact 
throws into one branch of the galv^anometer 
circuit a resistance exactly cqua^to that which 
has been taken out of the other branch. 

Perha]»8 the most serious disadvantage of 
this tyiie of ap]>aratu8 lies in the difficulty 
of finding a satisfactory galvanome^r which 
will allow of rapid movement from one end 
of the scale to the other wuthin the short time 
available between two successive readings, 
and will yet possess sufficient constancy of 
zero and general stability to avoid disturbances 


in the next few readings after the change-over 
lias been made. Even if a s]Kv?'mlly good 
galvaiioiiieU*r of the bi-filar typo is usikI, 
there still ajijKuir to be some small fonvs at 
work for a few stH'unds after the galvanometer 
has Ikk'H swung bai k across the si'ale, and for 
delicaU* obsi'rvalinns it is usually found that 
one or two readings immediately nfUT the 
change over sie more or less di.stiirlx'd. For 
most |ui,K'sv“» this 1 4 immaterial, siiico the 
origin of tie sc disturbances, and the ]>re<'ise 
]K)mt8 where tle‘y occur, aie well known, 
Sometimes, however, such a disturlmnce 
coincides with the heginiimg or end of a 
critical range, or with a small and doubtful 
critiuil point, and m those circumstnnees a 
whole Ht'ries of observations ma> 1m* vitiated. 
Various di'Vices for avoiding t his inconveiiieiico 
have Ik'oii ]>ropo.s<*d, but 4I0 not appear to 
have licen ]iut into practice op to the jirescnt 
time. 

^ (.^)) Rki’oudimi Rh.si LTs. ( 1 .) Time Tan - ' 
prralure i'nrve. — Fussing now to the methods 
of recording the ixsults of si*nes of time and 
temperature observations made during the 
heating or cooling of a spci iriK'ii of metal, it is 
i obvious that the simplest method of ici)rcs<*nt- 
ing suih data is to plot them in tin* form of 
a “ timc-teinjM'ratiiic " l urvc, ».c. of *11 graph 
hav mg tunc (/) n.s nbHcis.su> and tcm'jH'rnturi* (0) 
as ordinate. Taking as an c,\am])lr the tyjx* 
of curve obtained from the cooling of a })uro 
metal from a tem])(>ratur(‘ above its mcltmg- 
3 )omt, smh a gtaph tak«'s\lie form shown m 
Tu/. 4 (a) for the cast* of “natural” cooling. 
'I’he lii-st branch of tliis curve ri'pn-scnts the 
“natural” c(Milmg, at a rapid hut slightly 
dimmisliing rate, of Iniuid metal ; the next 
branch is a horr/ontal ])«rtaon or “])lalform ” ' 
due to the ix*nod m which the metal if» main- 
tained at a constant t<*m]M*ratuic, in spite 
of contimu'd loss of heat to its surroundings, 
owing to the fr<*c/ing proicss and tin* conw*- 
quciit < volution of the lap'iit heat of fusion. 
This lioii/tuitul portion is followed by a 
broiieh repit'senling the further “natural” 
cooling of the solid metal. At first this is mon* 
ra])id than it was just Ix fort; freezing took 
place, Is-tause while the P'mjierature of the 
metal has n*maimil constant the cruiihle and 
furnace in which it is contained have con- 
tinued to cool; a liMle later, however, the 
cooling procx*8« again slows duwn and Ix-comes 
increasingly slower as the tom]K'rat^rt5 falls. 

If the metal has lx?en cooled at a con- 
stant »’ate, by one of th<* devices dcscrilied 
above, then the graph, ])lotU*d in the same 
manner a« bc-fore, takes the form sliown in 
Ftff, 4 (6). 

So long as it is sufficient to reprewnt the 
results of such observations on a compara- 
tively small wale, the method illustrated in 
Fiff. 4 (a) and (6) remains ^tisfadtory, but 
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when it is desired to employ a much larger 
scale, the *Him])lo timc-tem])eratun’i graph is 
no longer convenient or Hatisfactory. The 
UfKi of a much larger scale, however, liecomes 
essential if the high accuracy of the obser- 
vaiiouH made by means of the ]>otentiometnc 
methods (jescrilx'd above is to Ixi reasonably 
utilis'd. Where obw'rvations are talom to 
an accuracy of the order of 01 siTond, an 
inbM val of one fu'cond requires to»be repre- 
sented by a length of at least one millimetre, 
or preferably by twice that amount. An 
ordinary series of cooling observations, how- 
ever, frequently exUmds over a period of an 
hour and a half, ho that with a scale of only 



Piu. 4. -'rimc-tciupcrahirc aiul fnverse-iatc 
('urwH 


one millimelre per si'cond the abscissa of the 
curve would n'ljuire a length of 0-4 metres. 
vSuch a grayh would not only he ineonvenu'iit 
and unmanageable, hut by its llatiu'ss would 
mask the smaller *h('at-evolutions, unless the 
tomperature-scalo weio also extended in a 
corresponding measure. 

(ii.) hiirm’-nild (hirres, — This ditlieulty, 
however, is at once overcome by plotting the 
• data obtained not as lusiniple time-temperature 
{t/0) eyrve, but as a “ rate " or “ inverse rate ” 
curve {{(i(j({b)IO). Such a graph represents 
the dilTeiX'iitial coellieient of the simple tiine- 
tomperature graph, and has the v<*ry great 
advantage not only of compressing the curve 
into misonablo spaie without requiring a 
corrospoiuling diminution of scale, but it also 
serves to acemituatie minute irregularities in 
the curve itself. This aeeentuatioii, of course, 
is also aiiplicd to exixM'inienlal errors, but m 
the Iwst ])ractice it has been found jiossiblo 
to eliniinate these to a very largo cxt.init, so 
that the curves -apai-t ^rom the critical points 
— are practically smooth, even when thus 
differential ed. The forms of the inverse-rate 
curves corresponding to the two time-temjK'ra- 
ture curves shown in F ig. 4 (a) and (6) ar^j shown 
diagramniatically in the saniq, ligurc at (c) 
‘ and (d) resiiectively. 

In practice, the plotting of the results of 
thermal obstwvations in the form of the 
inverse-rate curves offers no difficulty. All 
that is nHpiircd is a series of observations, 
not of the total, time which has cla^ised since 


the beginning of the series down to each 
particular tom]ieraturo observed, but merely 
the inti'rval of time which has elapsed for a 
given change of tcm|H‘rature. What is thus 
obtaimxl is not, of course, strictly (HjdO but 
rather St/ 10, where SO is a small and con- 
stant interval of temperature. This method 
of observing and plotting, not actual rates 
but finite times for finite tem]H^ratiire intervals, 
has the further advantage that it avoids 
infinite values for the inverse rate which 
would otlierwiso occur where— as at the ])oint8 
1\ P in Fig. 4 (r) and (d ) — the rate of change 
of temperature becomes zero. 'I'liis very 
departure of the ])lotted observations from the 
th<*oretical shajH* of the graph, however, 
makes it evident that, m the vicinity of 
critical points at ail events, the temperature 
intervals eorres])ondmg to sucee.ssive time 
observations mifcit be kept as short as eon 
veiiieiitly possible. 

§ {iij KxcERiMKNTrL Detail.s. —T he ex- 
]H*rimental means employed for obtaining the 
simple tjm('-temi)eratun‘ curves are themselves 
very simple. Boih the time -te mix' ratu re 
curve and the inver.se-rat<‘ curve derived 
from it »‘an be jilotted on s(|iuir(‘d pa|H'r 
in the ordinary way from time observa- 
tions which have been recorded m any con- 
venient manner. The times of transit of 
the galvanometer spot over .scale-(li\ isions 
representing suecossive temperature readings 
may be noted by sim])le observation on a 
good watch or clock, and with jiractiee 
observations down to half a second or even 
h'Bs may be obtained in this way. By the 
use of two stop-watches (4) used alternately, 
one being started by tlu' same movemi'iit which 
atojis ,tlie other, somewhat better time data 
may be obtained. Finally, the times of transit 
may be recorded on an ordinary drum or tape 
chronograph by an observer who merely taps 
a key as each transit occurs. From data 
recorded in this way eitlier the simple tjO 
cuxve or the {dtfdO)iO curve can be plotted, 
although the operation is laborious where 
a long senes of idiservations has to bo dealt 
with. The simple tinie temper'vturo curve, 
however, lends itself readily to autographic 
recording if a simple deflection method of 
measuring the temperature has been employed. 
For this purpose, Koberts-Austen (5) intro- 
duced a form of photographic recorder in 
which a T)hot(!»graphic plate is moved vertically 
while the spot of light from the galvanometer 
passes across it horizontally with changing 
teni|x;rature. The resulting trace is then a 
simple i/O graph. The photographic plate 
may be replaced by sensitive paper (photo- 
graphic bromide paper) rolled on a dnim 
which revolves at a slow and known rate. 
The use of the jiaper allows of a larger scale 
being employed, but even then the limitation 
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of size is a serious difficulty which iiinkcs it 
impossible to employ an o])en scale. 

Anotlier a})pliauce for tracing tlme-tem]x^ra- 
ture curves is that known ns the liiearlcy 
Curve Tracer. Here again the ainqile direct 
dellection method of measurement is employed, 
but tlic H])ot of light from the galvanometei 
travels over a ground-glass scale. A pointer 
is provideil which is ke])t immediately under 
the 8])ot of light by the observer, who o-jierates 
a traversing screw ])rovided for that lairjwbe , 
with this pointer travels a })en or pencil tracing 
a curve on pnjKir attached to a drum which 
rotates, by clockwork, at a steady, known rate. 
While this a]»pliance allows of the us<' of rather 
a longer scale than the ])hotogrHphic ap]»aratuB, 
it has the countervailing disadvantage that 
the accuracy of the resulting curve dc^icnds 
u]ion the skill and care with which the o]>erator 
can keep the ])ointcr cuiisfantly below the 
s])nt of light on the sealc. 

(i.) I*lottin'i ('hrouoijmph . — So fur as the 
inversi'-rate curves are coiKcrncd, no method 
IS as >et available vvl'^rcby they can be 
recorded in an cntindy autogra^ihic or 
automatic manner. 'I'lie time and labour 
reiiuired for Allotting such curves by haml 
from time obsi‘rvations registered on an 
ordinary chroiiogra]ih can, however, be 
largely saved by the u.se of a s])ecial type 
of “Plotting Chronograph” which has been 
designed and constructed for this ])ur|K)M‘ (2). 
With this instruuK'nt the observer has nieicly 
to tap a key at each transit (d the galvano- 
meter spot ovei one of the divisions of the 
temjK'raturc scale, the instrument itself 
traces tlu* inverse-rate curve in the form of a 
series of dots on a scale sufficiently largo 
fully to utilise the sensitivity and aocuracy 
of which the modem methods of thermal 
measurement are cajiable. 'I'he principle on 
which this instrument ojierates is as follows: 
The ])ieco of pajicr on which the graph is to 
lx* plotted IS fixed on a large drum, and acro.ss 
the surface of this drum, but without touclfing 
it, a moved at a steaily rate. The 

motion of the ]x*n continues until the observer 
taps his key. As soon as this oei urs. the ]H‘n 
is sharjily de])ressed into contact with the 
paper on the drum, thus marking a point, 
and immediately ftftcrwardsthe pen is returned 
by a ra])id motion to its zero |X)sition, from 
which it again starts out on another journey 
across the drum. At the sam'b time as the 
pen is returned to zero, the drum is advanced 
by a small stej) — tht*8e steps represent the 
temperature scale, each step being equivafent 
to one interval on the scale used by the 
observer. It will be seei^that by this series 
of oiMjrations, each successive point is marked 
on the paper at a distance from the zero line 
which is proportional to the time which has 
elapsed since the previous tapping of the 


' observer 8 key, so Jhat the absyissa of the 
resulting graph is jirojHvrtional to Af<, while 
I the onlinate rejin'sents The meehnnieal 
I and electneal devices wlien'hy this ojicration 
IS secured to a suffuient degree of accuracy 
cannot bo di^senlieil here, and reference must 
he mnd<‘ to the oiigmnl pajier in which the 
instrument Is flesetibed. Such a jtlottuig 
ehronogrj^ij.h has now bi en in use for more than 
I four years nl the XatiMual riiysieal Laboratory 
and has proved eminently 
suet'essfuk A tyjiieal 
group of thermal curves 
as obtaincfl by the com* 
1 billed use of the gra<lient 

\ furnace, the sjk'ciuI fy]X' 

V of potenliometei, and 

I the jilottnm chronograph 

I IS sIRiwn on a very 

X ^ much 1 educed scale in 

/ Fuj. ri. 


' 1000 

I 

1 

I ooo 


000 


700 



I'lG. 5. — Ty|/i(al Inversv-rato Jlcatiiig nml (’doling 
t'urvcH, 

• 

§ (7) Tiiii Dii-fkukntial MExnor -Be- 
fore ilealing with the jihysieal intci jiretation 
whn h may l‘e placi d on the indieatioim of 
thermal euives, it is desirable to refer to an 
entirely different method oi obtaining such 
thermal data. This method, UHually called 
the “ Ibfferential” method, of obtaining 
thermal curves was onginabKl by RotH^rts- 
Austen (ff), Roth in regard to the simplicity 
of the apparatus employed and to the delicacy 
andaeeuraev of the observations which can he 
made by it, this method possesses certain dis- 
tinct advantages. Iiwleed, unless the in verse - 
rate method is applied witlr every available 
advantage and refinement, it is pwibable that 
“differential” curves, and particularly the 
“deriv^'d differf^ntial” curves, are likely to 
yield better rwsults. 

The principle of Roberts-Austen’s method 
consists in taking observations not of the time 
occupied by the cooling (or heating) specimen, 
but of the difference of lcm|)erature lietween 
the specimen under observation and a 
“neutral” body which is undergoing cooling 
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{or lH•atin^;) at as iKMirly as possible the 8aiA(‘ 
average rate as the sijecirnen. The manner 
in whieli this is done by means of three thermo- 
cou]»le8 is indieati'd in the diagram (h'iq. 0). 
Here S is the s]a*eimen under observatnm 
and N is the “neutral” body which is being 
heated or cooled with it. A “nroitral” 
bo(Jy in this sense is one consisting of some 
material which shows no evolulnm or absoqj- 
tion of heat within tin* range of te/liporature 
in wli'ch it is emjiloyed. A piece of platinum 
is often U8<‘d, but other materials such as well- 
fired ])oreelain may also be employed. Tin* 
teinjs’raturo ot th(' spi'cirnen S is nu^asured 
directly by one thermo-eoujde, T,, whose 
indications are read by means of tin? galvano- 
meter geiU'rally with the aid of a ])ot<*ntio- 
meter similar to that described in connection 
with inverse-rate ‘v nrv(‘H. 'I’wo oth(*r tlu'rmo- 
cou])les, and T,, are placed, otu' in the s]H'ei- 
men S close to the eoU])Io 'l\ but (deetrieally 
insulated from it, and the other in the neutral 
body N. These two, the “ ilitferential ” 



couples, are connected together and to a 
galvanometer Oj, in such a manner as to be 
opjiosed to one another. So long, therefore, 
as the specimen and*the neutral bixly are at 
the stnie t^'rniX'iatun', there wij be no 
detleetiori in the galv unoiiK'ter .\a .soon, 
however, as a difference of temjK*rafuie i.s 
set up between S and N, a deflection nsobsei ved 
in (}^, and the amount of this delleetion is, 
approximat-(‘lv at all events, ]>roportioiial to 
the ditrercnee ot temjH'rature botw'cen the 
two “differential” eoujrles, Tj and 'I',. If 
it were possible to heat or cool the specimen 
and the neutral bod> at ])reei.sely the same 
rate, no differences of temjierature would 
occur until an evidution or ab8or]ition of 
heat took place in the opeeimen. As soon a.H 
such a thermal change did occur, however, 
a powerfu' deflection of the differential gal- 
vanometor Hg would occur. In practice it is 
never possible to secure that two bcklies of 
different niaU*riul, and then'fcvXi* of different 
physical properties, shall cliangc in tem]H'ra- 
turo at precisely tlie same rate, even when 
heated or cooled side by side in the same 
furnace. A certain divergence of tom|)oraturo 
of the two bodies, therefore, always occurs, 
and this brings.mbout a gradual and steady 


deflection of the galvanometer Gj. As soon 
as a thermal change occurs, however, there 
is a markeil change in the rate and sometimes 
even in the direction of this deflection, and 
from these “abnormal” defioetions it is 
com])arativtdy easy to subtract the normal 
and steady deflection due to the cause already 
indieaUxl. 

In practice, it is usual to arrange that the 
B])ots of light from lioth and Gg move across 
the same scale, but Gj moves rapidly and is 
brouglit back across the scale from time to 
time by means of the potentiometer, while 
G^ moves as a rule much mon^ slowly until a 
critical point is reached. The observations 
are easily taken, after a little ])ractice, by 
noting, for each transit of the s])ot from G^ 
across one of the niam divisions of tlio scale, 
the ])osition of the spot from G^. This yields 
a senes of reirdings which ivpresent the 
difference of teni^Kuaturo iM'tween Tg and Tg, 
that is between the S|K*eimen and the neutral 
boily for each Hcleeted terii|)erature. These 
readings can Ihen be. plotlial on sipiared pa])er 
to any desireil scale and yield W'hat is known 
as a “dilTenmtiul euive.” Where it is pos- 
.sible to prevent the dilferenee of tem]K*rature 
bi'twei'ii H and N from becoming large except 
at the critical points, such a curve w'ould offer 
a fairly satHfaetory pietiiri' of the thermal 
changes undergone by the 8])oeiineri, showing 
a ” bulge” or peak, more or less w'ell-deHned, 
corre.s])ouding to eaeli evolution or absoqition 
of heat. If, however, the tem]»eratiiie of the 
two bodii's diverges to any considerable 
extent, these iieaks bei'omc 8 uper]) 08 ed on 
a graph which is not only strongly inclined 
to the vertical, but which may vary some- 
what ,ui inclination if the enive is followed 
over any wide range of tenqicrature; such 
a variation of slope is, in fact, inevitable if 
the physical projH'rties of the two bodies, 
such as sjK'cifie heat, thermal emissivity, 
etc., do not vary with tomix'ralure according 
toothe same law in the two bodies. Where 
smaller thermal changes are to be traced, 
these variations become very troublesome, 
and a modification of the method of plotting 
has accordingly been suggested and used 
with advantage (7). This eun.sists in plotting 
against the teiiqxjrature of the 8|X‘eimen as 
indicated by readings of G^ not the actual 
deflection of Gj, but merely the change which 
that dcfloetfbn has undergone since the 
previous .'e.iding. The resulting graph is, 
of course, a representation of the differential 
cofeflicient of the plain “differential” curve. 
.Any steady slope or oven gradual change of 
8lo|)e of the primary curve becomes obliterated, 
ami the smallest “bulge.s” in which the 
primary curve departs from its normal course 
stand out as definite peaks on the “derived 
differential ” curve plotted in the manner 
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indicated. We shall see l)elow that this 
derived curve l>ears precisely the same relation 
to the plain differential curve a.s does the 
inverse-rate curve to the plain time-tempeia- 
ture curve. Tyjiical e.xainplea of a differential 
and a corresjKmding “derived differential” 



Fio. 7. — TM)i<‘aI “ Diircn-ntl.i! “ and “Denvctl 
J)iirer(‘utial^ ('ur\<s 


cooluig cmve of a mild ^teel are given in 
Fiq. 7 {(t) and (6). 

♦ § (8) PlIVSlOAL fNTKRPRETATION.— For the 

physical interjirctation of the data contained 
in thermal curves, it is desirable to revert 
in the first instance to the fundamental 
timc-tem]ieraturc curve, and for the sake 
of sim])licity ve may confine our attention 
to th(^ case of crioling curves, although the 
conclusions reached will a]>])ly, subject to 
necessary changes of sign, to heating curves 
also. 

(i.) Timt-temperalure MHhxl. -fjct AHC 
{Fitj. S) represent diagram mat ically the cool- 
ing curve, plotted with tem]K*raturc8 6 as 
ordinates and times i as abscissae. The 
hump on this curve represents a small 
evolution of heat. In the; absence of this 
evolution of heat, we know that the cooling 
would have continued along the dottc<l chrve 
AJJC ; this latter is, in fact, the cooling curve 
of an ideal neutral body having the same 
physical constants a.s the .specimen under 
observathm, but free from all thermal changes. 
In order further to simplify matt^^re, let it lie 
supposed that the total time occupied by the 
small heat evolution is so short that the curve 
ABC may be regarded as ^ straight line 
throughout that interval. The slojie of that 
curve then represents the rate of loss of heat 
from the equivalent neutral body at the time 
of the heat evolution. If we now make the 
further assumption that throughout the short- 
time in question the spocimen is losing heat 
at the same rate as the ideal equivalent 
neutral body, follows that the quantity of 
heat which has been liberated or ” evolved ” 
in the 8])ecimen is proportional to the greatest 


I vertical distance between the , two eurves 
AHC and ABC. That this is the ease will 
be readily seen by eonsnlcnng the (‘xtrt'ine 
cast' of a body which is losing heat at a 
negligibly slow rate; the curve ABF then 
liecoiiies a horizontal straight liiic^ while, 
on the addition of heal to the body. Mu' (ur\e 
ABC W'ouhi rise vertically by an amount 
(BB; pronorln-n il to the quantify of heat 
suppliftl. In ill' case of a body b)sing heat 
at a cons ant rate wc may a]i])roximately 
write “(>xcca.s of tem]>eraturc ” in ]>lace of 
“rise of U'liqMTatuic “ as m the adiabatic 
case. 

In ])ractice, howe\cr, two errors eorrt'spond- 
mg to dejiarture from the coiulitions assumed 
above make thcinsches fc'lt to a serious 
extent. In the tirst ])lace if the evolution of 
heat occurs oM'r a I’onsKicVablc jH'rioil of lime 
-as it often docs when the licuf is not all 
evolved at a sinulc ti‘in]M'raturc but over \ 
range - then the rate of cooling can no longer 
be regarded as eonstant thioiighoul the time 
111 question. In the sccoiul place, duiing the 
time currcs])on(lmg to that purf of tlu' curve 
lying iK'twd'n A and B the ruti' at which the 
s])ccnnen is giving out heat is no longer 
idi'iitical with tlic rale wdiich corrcs]n»nds 
to till', eomhtioiis of 
point A. At the latter 
I IM>mt, (ho 8]K‘cimen is 

\ still eoolijig uniformly 

\ witji Its immediate 

_ surroundings, i.c. the 

- furnaie, (‘Ic. As soon, 



I 

Fh'i. 8. 

howevt'r, as the fall m bunfieniturc of 
the spc'Jimen is arrested, a difference of 
temjieraturc is set up between it and its 
immediote environment, and this nisiilts m 
a loss of heat from the s; ecinien at a 
greater rate than that of the ideal equi- 
valent neutral body. Both these departures 
from the assumed (fmditions tend to render 
the lino BH shorter than* it should be if 
strictly proportional to the quantity of heat 
liberated. A full discussion of the phono- 
menoh, however, should include a number of 
other conditions, such as the effect on the 
temperature of the furnace brought almut by 
the heat liberated in the specimen. Without 
going further into the matter it may be con- 
cluded that while the shape of the time- 
temperature curve gives an approximate 
indication of the quantity of heat liberated in 
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any thermal«chant?e and aUo (jivoa indications 
of the B])ccd with which it is IdxTatcd, it is 
by no means easy to intcrj^rct such curves 
quantitatively. 

(ii.) lnve.rMe-rale .l/efAod.— Turning now to 
the inverse-rate curve, let IAIN {Fig. 9) be such 
a curve, plotted 
I [l with teniiM raturc 

6 as ordinate and 
dtjdO us abscissa. 
Tht‘ area enclosed 
^ by an infinitesi- 
mal element of 
this curve and its 


In 


' c/t 

do 

I'lQ. \) 

eorre.spondini' abscissa on the axis of 0 is 
j^iven by dtldiLdO Therefore the area enclosed 
by the curve and the avis of 0 over the 
temperature -range from 0„ to Ob is 



and the value of this integral is 

ti, - t,i. 

The area, tluVrefore, represents the time which 
has ela[)sed dunnp* the eoolukg of the body 
from the temperature 0,^ to the tem]s*rature 
Ob. If we lind the value of this time, both 
for the body which is undergoing a thermal 
transformation and for an equivalent ideal 
, neutral body cooluvt through the same 
temperature range under identical conditions, 
the dilfcroncif ' 111 the times found represents 
the retardation in the time (d l ooling, w'hich 
has b(«on brought about by the evolution of 
heat in the body under observation. This 
retardation in time, measured by the rate 
of loss of heat -assumed identical in both 
bodie.s — moasures the difference between the 
quantity of heat lost by the specimen under 
experiment and the ideal neutral body ; 
this excess of heat is obviously the quantity 
of boat evolved during the thermal trans- 
formation in question. 

The above ^nalyais*^ suggests that an 
accurately observed and plotted inverse- 
rate curve" should furnish much useful in- 
formation. The difficulty, however, of know- 
ing the real rate of loss of heat brings with 
it severe limitations, and introlluces exactly 
the same onler of errors as those already 
discussed in connection with the interpretation 
of the time-temperature curves. A further 
difficulty consists in deciding between what 
precise limits this time-interval, i.e. the area 
of the peak in the curve, is to be measured. 


The correct limits should correspond to the 
precise beginning and end of the heat evolution. 
Even the beginning of the heat-evolution is 
not entirely definitely marked, but the end 
is decidedly vague. During the progress of 
the heat evolution, the temperature of the 
s])eeinien lags behind that of its surroundings, 
which continue to cool ; consequently, as 
soon as the heat-evolution ceases, the specimen 
begins to cool muc*‘ more rapidly. Ulti- 
mately, if the cooling is continued long 
enough, the specimen must regain thermal 
equilibrium with its sui roundings. The result, 
on a time-tem])eraturo curve, is a steep portion 
following the “platform” corresponding to 
the thermal arrest, while on the inverse- 
rate curve the cfTeet is seen by a back- 
ward sweep of the curve wliich temporarily 
apjiroaches much closer to the axis of 0 
than in the norri^al parts of the curve. If 
the time, is taken over too wide a 

range, therefore, tins temporary accelerated 
cooling mateiially affects the result. The 
choice of the exact jimits between which the 
area of the peak sliall be tm^asureil in such a 
curve as that of Fig. 9, therefore, becomes 
of great importance. It will not be correct 
to consider that the thermal change is nt an. 
end when the rate of fall of temjierature of the 
body under obsiTvatiou again becomes equal 
to that of the ideal equivalent neutral body, 
because at tliat stage the 8|XH‘imen is still 
Iiotter than the eipiivalcnt body, and is 
therefore still receiving a supply of heat from 
the internal evolution— otherwise it would 
be cooling faster. The end of the heat- 
ovoliition, thendore, lies just beyond this 
point, where the ideal “ blank” curve crosses 
the observed curve. The precise location of 
this point can only bo estimated in any given 
observed thermal curve by the judgment of 
the observer, and therefore a st^nous element 
of uneortainty is unavoidably introduced 
into all quantitative mteqiretations of such 
curWs. None the less, where the curves are 
jdotted on an open scale from observations 
of sufficient accuracy, and where the mass 
of the body under observation is not too 
small, reasonably good estimates of the 
quantities of heat evolved at various critical 
points can be made, and fairly satisfactory 
data aa to the relative intensities of the 
thermal changes in a series of alloys can be 
obtained. 

For all such estimates and comparisons, 
however, it is — as has been indicated above — 
fundamentally important to know the rate 
of cooling. Ideally, it is desirable to know 
the rate of cooling* of the equivalent neutral 
body, but for the comparison of the peaks 
in a series of curves from a group of alloys, 
j or even for the comparison of various peaks 
1 occurring successively on the same curve, it 
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is sufficient if we can be sure that the rate 
of coohnf^ has boon constant. It has been 
I>ointed out above tliat wlien s])ecimen» under 
thermal observations are alloweci to c )ol 
“naturally,” no eon^tancy of rate can be 
secured. It is one of the main advantajfi's 
whicli arc secured by the use of the “ I'radumt ” 
furnaces that such constancy can be ensured. 
With tlieso furnaces, provided tliat careful 
attention is given to the mass of the 8])eeinu‘n, 
and also to the maintenance of constancy of 
all other conditions, comparative quantitative 
data of considerable accuracy can be obtained. 
The importance of such data li(‘8 in their 
ap])licution t(j the jirocess t)f .so-eallcd “ thermal 
analysis,” which is dealt with elsewheic {si'v 
article on “Alloys, tho Kquilibrium Dia- 
gram”). 

Beyond the approximate ])ropoTtionalitv of 
the area of a [leak on an 4nv(*rNe-rate cuive 
to th(' (|uantity of heat evolveil (oi absorbed), 
tho shH|K! of the peak affords some furthei 
information. Itcvcrting for a moment to the 
sim}»lc time-tempi'ratuie curve, wi“ have seen 
that at any instant the length of the line BK 
— tho vertical distance between the observed 
curve and tho ideal blank— reiiresents approxi- 
mately the quantity of heat generated in the 
body under observation, and fheref(»re the 
rate of ehangi' of thi.s length measures the 
rate of evolution of hi'at. This rate of change 
of vertical di.stanco, howevei, is simply the 
difference of slope of the two curves, i.r. of 
the observed curve and of the id{*al blank. 
If wo as.surne that the slope* of the ideal Idank 
is constant during the heat evolution, this 
difference becomes ])roportional to the sloi>c 
of tho observed time-tcmpcraturo curve. But 
the slope of the observed cuive is the*rate of 
cooling of the body and its inverse is tho 
‘•invetso rate,” d(j<ldy which is plotted in the 
111 verse -rate curve. Now, tho fimuller the 
slope of tho timo-tcm|)crature curve, the 
greater the rate of heat-cvolution which it 
represents; therefore a waximum on *the 
inverse-rate curve will indicate a maximum 
rate of evolution of heat and- -to a certain 
degree of a]»proximation— the maximum de- 
lleetion, or “height of a|>cx ” of a ])eak on 
the inverse -rate curve, will be proportional 
to the rate of evolution of heat. 

(iii.) The Differential 3/et/iod.— Considera- 
tion of the physical meaning of the curves 
obtained by the differential method leads to 
a senes of interiiretations very similar to 
those already arrived at for timc-temix*rature 
and inverse-rate curv'ca. In the differential 
method no time observations are tak«n ; what 
is actually measured at ejieh temperature of 
observation is the difference in temperature 
between the Iwdy under observation and a 
second body which may be regarded as a 
physical approximation to the “ideal neutral 


’)ody cooling at the same to which 

frequent roferenee has nlivady lieen made. 
Actually, howj'ver, the plivsiuil iieulral ImuIv 
IS not uleal in that it unavoulahlv ^tossessca 
]>hvsienl constants diffcri*nt. fiom tlutse of the 
body uiuh'i- <»bservHlioii, mikI an identical rati* 
of cooling or h<‘Ji(iiigcannot as u rule besecun'd, 
I'he resulting state of alTuiis is indiiated in 
the diagi.ii.i, Fi<i 10 (a), where AHC and 
A^ B', an the tiine-tem]M'rature curves of 
two cooling l-islns, the former the body under 
obsiTvatioii, W'hich undergoes a thermal 
change, while the latter is a “neutral” body 
free from sueh phenomena. The observations 
taken witli tbe diffcimtial galvanometer 
measure the length ivf the bnis A A', lUC, CC' 
at short and regular intervals <»f ti'iniKTatim'. 
When these arc jilotfed as abscissiu' against 
temperature as «it<linati', lITc resulting (•urve-- 
the “differential” curve- will take a sluqa* 
like fhal of curv»' (//) in the diagram, Fuj. It).* 



'I'his curve shows a sti'i^ly Blo])e in one diivc-^ 
tion due to the gradual divergence of tho 
tompt'raturcs of tin* two bod*B, an?) ujion 
this the p< ak due in the heal -evolution is 
superjX'wal. 

If the heat-evolulion takes place over a 
range ol t<‘m])craturc short enough to justify 
the a.ssum])tJon that over the range in rjuestion 
tho vcrtn al distance betwci n the two ourvcB, 
apart fiom the reealeseenci', has not Varied 
appreciahlv, then the height of the ])eak of 
the differential curve represents a quantity 
which has precisely the same meaning as the 
length of the line HH {Fig. 8), plus a quantity 
which is simjily the. tnean difference in tem- 
perature between the ideal neutral body and 
its actual representative. The iiit^rjiretation 
of the differential curve thus corrc8])ondH very 
closely'to that of tho simiile time-temx>erature 
curve ; and titis will be rea<lily understood if 
it is realised that tbe only diffon-nce between 
the two ty])eg of curves lies m the fact that 
while in one case the tcm]K*raturc of the body 
under observation is jilotled in rcigard to 
tune directly determined by a clock, in tbe 
other it is plotted in regard ton-ho temperature 
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of a body .whose temperature is changing 
steadily, so that the tern|>crature changes are 
proportional to tunc, parte ularly over the 
short ranges to whitdi our (liscussion has been 
confined. 

In consequence of this similarity of physical 
meaning, the dilTcrcntial curve shares many 
of the disadvantages of the tune-temperature 
curve. 'I’liese make themselves felt more 
])articularly when tlio slope of the deferential 
curve becomes considerable, as the result of 
t<jo great a ddlereneo in tin rates of cooling 
or heating of the two boilies. These dilli- 
culties can be overcome by the use of the 
“derived ditlerential ” curves already nderred 
to above. Those curves arc very similar in 
ajqiearauco to the corresponding inverse-rate 
curves and, again, bear a closely similar 
physical intertirotaoion. 

Referring again to the fundamental time- 
tem^icmtiire (Uirves of the two bodies as shown 
in Fi<j. 10 (ft), we may write the equations 
of those curves as 


01 /(Oand0j-K{O, 


where /(/) and !''(/) are two different hut 
unknown functions of t, except that m the 
ease of ^ constant rate of cooling, /{/), which 
reiiresents the eooling eurve of the neutral 
body, takes the simple form 

where k is a constant. ^ 

The abscissae of tlie ordinary or first 
(“ differential ”) curve are the values of 
t\ for various value's of 0, ami wc have 

0J-0, V(t) /(0--R. 

Calling this R, we have 


rZR 

do 2 


I ' m 


di 

d$2 


where f'{l) is the differential coefficient of 
/(/) with respi'ct to /. 

Now dR/(/0, IS the quantity which is plotted 
as abscissa in the derived ilifferential curve. 
For a constant rate of cooling, for whicli 
/{!) becomes cither unity or a constant, the 
quantity diljde,. plotted against $ in the 
derived differential eufvo, becomes a linear 
function of the quantity dtjdO^, which is the 
quantity jflotted m the inverse-rate curve. 

In the derived differential curve, the area 
of a peak is given by the integral 




and this is equal to R between the limits of 
the beginning and end of the heat-evolution. 
R, as wo have a'^en, measures the quantity of 


heat evolved, so that with the same limitations 
as already indicated for the inverse-rate curves, 
the area of a ix^ak on the derived differential 
curve IS also proportional to the heat evolved 
by the thermal change. The rate of cooling 
is supposed known and taken into account 
in both cases, since this factor affects both 
types of curves to much the same extent. 
Further, the area of the ^leak mu.st be measured 
I to that point which represents the end of 
^ the heat evolution, and this is quite as difficult 
j to ascertain in the derived differential as in 
! the mvorsc-ratc curves. 

I § (9) Typical Curvks. -Examples of some 
! typical thermal curves, taken by both the 
, inverse-rate and the differential method, are 
j shown on a very nuicfi reduced scale in Figs. 
j 5 and 7, alro idy referred to above. Curves («) 
and (/>), Fig. are reduced from iiiversc- 
[ rate beating ami' <‘t)()ling curves respectively, 
j obtame<l with tlu gradient furnace, potentio- 
meter, and ])!otting chronograph ; they relate 
j to an alloy containing aluminium 74 per cent, 
j magnesium 20 ])er cent, and silicon (> pei cent, 
and include the inviting -iioiiit of the alloy. 

I b {(') IS the in verse' -rate <*ooling curve of a 
I mild steel, containing about 0’20 per cent of 
I carbon, also taken by means of the Sjiecial 
appliances just mentioned. In Fig. 7 (n) and 
(6) are given the ordinary “ diffeientuil “ and 
the deriveil (lifTorcntial cooling curves of a 
mild su'd containing slightly more carbon than 
the sample to which cllr^e (c) of Fvj. 5 relates. 
For purjioses of comparison, however, the 
inverse-rate curve, Fig T) (r), has been jiiaced 
bi'sidc the dcrised differential curve of Ftg. 
7 (/i), and reduced to the same scale, m Fig, 
7 {('). Finally, tlio two curves of Fig. 7 (d) 
are derived differential heating and cooling 
j curves of an alloy containing copjx'r 88 js'r 
cent, aluminium 9 jier ci'iit, munganesi^ U 
l)er cent. 'I'licse curves, of course, do 
not itiehule the melting-point of this alloy, 
wliicli occurs at a very much higher tem- 
jHuature. 

A coinjiarison of these curv?s, particularly 
when plotk'd to a larger scale, shows that 
there is a very great degree of similarity 
i between the results obtained by the two 
i methods, and it would almost M'cm to be an 
o^xin question which of the two is to lie pre- 
ferred. It will be noticed, however, that the 
differential curves relate to relatively small 
thermal changes which occur in solid metal — 
i.c. at tcni|K'rature8 below the freezing-point. 
This circumstance arises from one of the 
practical limitations which apply to the 
differential method, but not to the inverse- 
rate method. Where the piece of metal under 
observation passes^ through a large thermal 
change, such as that which occurs at the 
“ liquidua ” or on passing through the freezing- 
point of a eutectic, it becomes difficult tc 
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follow the temperature changes by means of 
the differential thernio-conple. As a con- 
6i*tiuenee of a large evolution of heat, a \ery 
large differi'iice of tem|>cratuic is Si4 u]> 
between the specimen and tlie neutral body, 
with the result that there is a conx'sjMmdmgly 
largo dellection of the differential galvano- 
meter. If this IS a st'iisitive galvanoraetio-, 
such as 18 Inquired for the jiuiiiose of showing 
small evolutions of heat, the spot of hght is 
driven completely off the scale and the de- 
fleciion of the galvanometer cannot then be 
read — x‘ven if the instrument can safely he 
exjMised to it — without additional ajiphances, 
such as a jiotentiometer for balancing part 
of the E.Al.K of the dilh'rential coujde, etc 
Jf such appliances an* added, however, the 
advantages of the rclaluc simjilicity of the 
differential method is to a^larg<‘ extiuit lost, 
while the use of such means of regulating the 
deflection of the galvauomeU'r tends to intro- 
duce iiiegulaiitics into tlu* rcsultmg (urves. 
Fill tiler, when the difference of tcnijK'rature 
between the sjKM imen o^ metal umler obser- 
vation and the neutral' body becomes largi*, 
the entire meaning of the “ diffeicntial ” 
curves becomes doubtful. 

For the reasons just indicated, the iii’crse- 
rate method is generally used whcrcvci obser- 
vations include large Ihoimal changes. For 
many piirjioscs, however, it is inconvenient 
to take two kinds of curve for the same 
s]M‘eimen — one to didermine tin* free/mg- 
point and another for ob.soiving thermal 
changes of le.ss intensity occiiiiing after 
solidification. There is, therefore, a natural 
tendency to use the inveise-rate method 
throughout, provided that it can l»e nmdered 
sufticicntly delicate and convenient, ^'hanks 
to the appliances which have l>een developed 
m recirit years, and particularly to the 
plotting ehronogra])h, this result has been 
attained. There can be no doubt, howeviT, 
that for some purposes, and iiartieularly for 
the detection and location of very small 
thermal eliangcs, the differential method 
offers important advantages, so that for 
rew'arch purposes the use of both metluKls is 
desirable. ^ n 
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METAIJS AND ALLDYS, 

TllK MR’KO-STIUTTFIIF OF 

A STUDY of the nncro-struclure of metal was 
first undci taken by Henry Clifton Sorby, of 
Nheflu'ld, nbopt the year IS(!4. Norhy appluxl 
the mctluds of nmroscojue jadrography to 
I the otiK^v oi pteel and at once found a eom- 
jilexitv of stn.ctuo' and diversity of behaviour 
i that served l< show how fiuitful a held he had 
touched. On the other hand, the structures 
met with m steel aic so comjilex that any 
real insight into Ihcir nui.tiing couhi haidly 
be obtained until winph'r slnictiiics bad been 
studied and iiiastciid. It wa>, pci baps, 
I>artly for that reason that Soihy's work was 
i not pursued for inany years, until, in fact, 
the study of the niicio ^\iucture of metals 
was taken up indcjiendcntlv . and in urnorance 
I of Sidhy's woik, by Osmond in France and* 
Martens in (lerniany. Soon afterwaids a 
much wider devt lojuncnt liegan, in which 
Kohcrls-Auhtcn, Stead, and Arnold in England, 
and Howe in Amciica took an eaily and 
irnjiortant jiail. 'J’o-day the* importance of 
j the suh^'ct IS fully recognised, not only on 
account of lh<‘ vi'iy great practical value of 
I the insight which it affords into the nature 
of iiKdals, hut also from the point of view of 
the physical |)ioxiinatc structuic of nictuls, 
which aic to ho regarded us tlit> simplest of 
solid bodies. * • 

j The niannci in which samples of metals are 
jlreparcd for microhcopic examination by 
fxdishmg and ettlnng, ami also the special 
tvpes of microscope and of illumination 
1 employed in examinin]^ them, have lieen de^ 
j 8cnlH>d 111 another article.^ Me nia, liegin, 
tlierxTon*, liy oimsidering the stmctuic VJiich is 
observed when a sjH*eimen of a pure metal is 
j viewerl under a inodcrale magnification in a 
; suitabi' niicr-oscopo. Nor need wc trouble, 

1 for this purposr*, to s<*cure samph'S of metal 
of very extreme puiity, although in a more 
detailed examination the intiuence oven of 
' minor imjmnties must he tamsidered. 

§ (1) The STRUC’TrRE ok a Pure Metal.— 
The stnictuj'’ seen when a pieee of nearly pure 
iron is viewed under a niagnifiration of 150 
diameters is illustratixl in Fig. J. The sur- 
face of the speeimen^ seen to lie < overed with 
a speeies of irregular reticulation, dividing 
it into a number of more or IcA polygonal 
areas of varying shapes and sizes. This 
appearance at once suggests that the metal 
is an aggregate of grains of some kind, the 
black lines forming the lioundaries of the 
little areas being simply the lines of junction 
of adjacent grains. A section through an 
aggregate of grains of irregular shape would, 
in fact, furnish just such a pattern as that 
* “ 3Icta!s, Mlcroicoplc ExaininatloD ol," 
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illustrated. ’It has, however, l)een very con- 
clusively sht)\vn that the /grains <»f which pure 
iron and indei'd every |niic rnetal- consists 
an; in reality true crv.stals. It j.s ohviou.s 
that lli('y «lo not possess the rej^ular geo- 
nietrieul oiitlini's found in tyfueal crystals 
which have been perniitU'd free development . 
on the (!ontrary, the houndanes of th«‘ ery-stals 
in a metal are mer«'ly the Siiilaces uji^n which 
adjacent crystaLs have met in the process of 
growth iluniig thejr formation. The interior 
structure of each gram, however, is truly 
crystalline, in the sens(* that within each grain 
there is a uniform geometrical orientation. 



I'm I - I’ure 


but thi.s orientation ditb'rs in direction from 
one grain to another. 

The evidence in sujiport of this view is so 
strong that the crystalline nature of metal 
has come to lie reganled as almost sidf-evident. 
The niieroscop«‘ it.self atfoi'ds very striking 
proofs. In the first ])lace, a jadislied and 
eteluHl BjM'eimen of imn* metal exhibits a 
peculiar feature when viewed under obliquely 
reHeob'd light w’liieh is sometimes known ivs 
an “ orienftHl lu.stnv” When the structure 
of Uic metal is minute this feature can only 
be seen under modernte magnitieatioirti, but 
where larger crystals have beerf ftirintnl they 
exhibit it to the unaideil eye under suitable 
eotulitions. Seen under obli<|uo illuniinaticm, 
such an etclied surface 8how'.s certain of the 
grains to be brilliantly illuminated while 
others are completely dark. If the angle of 
inoidenco of the* light is changed, cither by 


moving the beam of light or by rotating the 
specimen, the appearance of the surface under- 
goes changes, grains which appeared brightly 
illuminated now becoming dark, while other 
graiiLs flash up bnllianlly. The appearance of 
such a surface, in a single position, is show n in 
Fiif. 2, but the true eharucter of the phenome- 
non can only be realised when movement takes 
place, unless the surface is simultaneously 
ilium inatcil by a numlxT of beams of light 
of difTerent colours. In thoscf circumstances, 
the various grains each relhrct one of the 
coloured beams, according to the angle of 
uieidence, ami I he surface appears covered 



Iron \ lot). 


with brightly coloured areas sharjdy distiri- 
gui.'Hied from one another. When the surface 
IS rotated under such multiple coloured 
illumination, a brilliant disiiluy of changing 
colours is obtained. 

The cause of this " oriented lustre ” lies in 
the varying orientation of the crystals which 
constitute the grain.s of metal. I'he process 
of etching w'hich ha.s been applied during the 
preparation of the surface ha.s entaileil a slight 
amount of dissolution of the metal in the 
etching reagent (usually a weak acid). The 
very development of the micro-structure by 
such an etching process shows that the chemical 
attack has not been uniform — some of the 
grains have been mqre strongly attacked than 
others, with the result that slight differences 
of level have Ix'ejti pnaluced, giving rise to 
little steps from the surface of one grain to 
the next. Beyond this, howevoi^, the attack 
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on each grain has to some degree revealed i corresponding manner for a deterpiinniion of 
the inner texture of the grain itself. The the geometrical constants of the crystal in 
process of solution takes the form of a gradual question. Evidence of this kiml corn)h(»r}ites 
unbuilding of the grain. It is much as if a 1 the vn'w basetl on measurements of isolatisl 
well-arranged stack of bricks were being un- crystals, that the majority of mclalH crystalhso 
built by the removal of whole bricks or batches in t!ie cubic system ; a few, lh>wevcr, including 
of bricks — the resulting surface W’ould be /”ic. e.'idiiiium, bismuth, magnesium, and tm, 
8tepi>ed and terraced in a manner clearly depart fiom this rule, 

corresponding to the internal orientation of The tiuh cry.sta'lmc character of metals has 
the stack. Similarly the etched surface of a recently •eeeived s' id mg coniirmation from 
metallic grain or crystal is left stepped and the ap|)hcati"n of the metliods of X ray 
terraced; it is, in fact, covered with minute analysis, as worked out by Lane, Uragg, and 
facets which are strictly co-oriented within the Hull. The evidence obtained by these 
same crystal, but vary in shape and orientation methods leave.s no riKun for doubt that the 



Flo. 2— .Almnhiium (Oblique JJliinijriiit ion) ^ J6 


from one crystal to another. These bright | 
little facets of metal funiish the reflecting 
surfaces which give rise to the phenomenon 
of “ oriented lustre ” desenbed above. 

In many cases, where the crystals themselves 
are small and w here etching is not carried verj' 
far, these facets are too minute to l>e readily 
seen, even under high magnifications. In other 
cases, however, they are large enough to be 
elearly visible under moderate magnifications. 
An example, representing a specimen of silicon 
steel containing abf>ut 4 per cent silicon, under 
a magnification of 35 diameters, is shown m 
Fig. 3.^ Where these facets are well dqyeloped 
they take a form very similar to the well- 
known “ etch figures ” fdUnd on mineral 
crystals, and they can then be utilised in the 

‘ Photopraiihi'd by Dr. J, E, Stead, F.R.S,, and 
reproduced by his kind pcrmiaalon. 


grains which constitute pure metals art 
essentially orystalline in character, having 
their atoms arrangotl on space -lattices in tht 
w'ay w'hich is necessary to pnaliice the tyjiicai 
diffraction of X-niys. The apjilication of tht 
methods of X ray sjiectronietry to the stud} 
of meUllic cr}'8tal8 offers the promise of a 
greatly mcreasctl insijfht into the internal 
structure of metals and the t-hanges which 
this structure is liable to undergo, although 
certain serious experimental diflicnlties have 
yet to be overcome before the method can 
be directly ajiplied to the more difficult 
problems. 

Another line of experimental evidence which 
serves as strong confirmation of the truly 
crystalline character of metals is derived from 
their behaviour under strain or plastic deforma- 
tion. This whole subject is specially treated 
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olHOwhero (s|pe art. “Metals, Relations of Strain 
and Strui’turo ”), HI) that only brief reference is 
required hc're. it Hliould bo borne in mimi, 
however, that the manner in which the grains 
of rnetil undergo plastic deformation by a pro- 
cess of iuternil .slipping or sliding requires the 
existence of a perfcn-tly oriented and regular 
wtruoturo w'ithin the grains, so that their 
behaviour can only bo accounted for by 
regarding tho grains as truly crystalfine. Tho 
formation of what arc known h.s twinneil 
cry.stals is anAther evidence of the .sirno kind. 
In rogani to twinning, metals exiulut pheno- 
mena MO .strictly analogous to those with 
which wo aro familiar in typicjdly crystallmo 


of crystallmo metal in a matrix of true liquid. 
With rising temperature it might lie anticipated 
tliat these 8U.spended groups would be broken 
up to an increasing extent and that at very 
high temperatures they might disappear 
entirely, if these minute oriented groups 
aro to bo regarded as tho real nuclei from 
which crystallisation commences %vhen tho 
tcin|»erature falls to or below the freezing- 
point, then it would be anticifiatcd that metal 
which had been carefully cooh'd from a tem- 
perature high above its melting-point would 
display little tendency to crystallise and might 
therefore be considerably undercooled. No 
conclusive evidence in support of such a view 










... 





Fia. 3.“ Etched Facets on Silicon Steel, x 35. 


minerals that a similarity of internal structure 
may safely be infi^rrod. 

§ (2) Crv.st,\u Growth. ^Tlie manner in 
which the crystalline structure of a metal, 
such as we see illustrated in F\g, 1, is 
produced must now be considered. The 
simplest ease for consideration is that of a 
pure metal solidifying from fusion during 
gradual cooling. In «uch cases it is found 
that ery8talliss.tion commences at a number 
of oeutreo and that the minute crystals rapidly 
grow in size. The.s9 centres of crystallisation 
are usually spoken of as “ nuclei,” <but it is 
not known what the nature of a crystal 
“ nucleus ” really is. On one view it has been 
9ugge.sted that when a metal is melted tho 
crystalline aggregation of its atoms Is not 
necessarily destroyed completely, and that 
the resulting liquid may well consist of a 
kind of colloi^l suspension of fine particles 


has yet been obtained ; it is, however, well 
known that those metals which have a fairly 
low melting-point are also thore in which 
undercooling i.s most frequently met, as for 
instance in lead and tin.^ It is, of course, 
the.se metals which are most liable to be 
severely superheated. 

A somewhat different light is thrown upon 
this matter by tho observation that the purity 
of a metal appears to exert a powerful 
influence oh the presence or formation of 
crystal nuclei. Very pure metals display 
an undoubted tendency to the formation of 
Ikrger, and therefore fewer, crystals than 
where appreciable amounts of impurity are 
present. It is difficult to see why minute 
groups of oriented atoms should exhibit greater 
persistence in the presence of impurities than 


‘ Eoberts-Austen, "Surfuslon in Metals 
Alloys," Roy, 5oc. Proc., 1898, IxUt. 447-454. 
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in their ab^Mmce. so that it is evident that the 
whole question requires further syatematio 
investif^ation. 

Whatever their origin or nature, orj'stal 
nuclei do not make theiiiHclvoa felt until anj' j 
particular |)ortion of metal has cooled at i 
least to the temjKTature of the “ frta'zing. * 
point.” In any mass of inctHl of appit^ciahle j 
size this terajicraturo is not simultaneously 
reached throughout the mass, and conse- 
quently ciystal nuclei ap|>ear in various 
regions successively as they cool. Usually 
cooling takes place from the exterior, and 
consequently crystallisation commences from 
the outer skin of a cooling mass metal. ! 
The crystals which commence to grow out- i 
ward in all directions from each nucleus, ; 
however, stsm meet with their ncighlamrs in j 
the directions which he parallel to the outer j 
or cooling surface; growth an a direction at ' 
right angles to the cooling surface, however, ' 
cannot be haiiijicrcd by the eoinpetition <»f i 
neighliours, and as ciioling progreases the 
growing crystals increase in length inwards j 
from the surface. ' 

This whole process may bo more accurately 
expressed by the stati'mimt that crystal 
growth always occurs, in a metal cooling fn)m 
the molten state, at nght angles to the isothcr- 
raals as they exist at any moment in the cooling 
moss. In the direction of any isfdhermal, 
there are always many eonqwting and inter- 
fering nucliM or crystals emanating from them, 
but this 1*1 not the ease in the direction jier- i 
pendiculai tti the isothcninils. The result is 
the formation of a structure consisting of 
radial crystals lunning inward from the outer 
surface of a jiiecc of cast mchil. In certain 
circumstances this gives rise to peculiar types 
of weakness, particularly near re-entrant 
comers in castings, but the applications of this i 
priiiciiile to foundry practice cannot lie pursued | 
hero. 

The formation of such radial or inward- j 
growing ciy'shila rciiuires, however, the exi#t- i 
enco of a fairly st<‘cp tcnqicnitiire grailient. 
If, therefore, cooling is somewhat slow, a j 
different type of structure may lie produced. ^ 
In such circumstances a large numlier of j 
nuclei may ho formed or become active through* j 
out a considerable zone of metal in which the I 
temperature gradient is only slight—in such 1 
circumstances the growth of the older crj'stals , 
may not have gone very far licfose new crystal i 
centres start into activity all around them. | 
Where this is the case, the growing crystals ; 
meet with the competition of their ncighlioifrs | 
in all directions, there is no longer any ^Urection 
of favoured growth, and the resulting crystals | 
tend to become of approximately Similar 1 
dimensions in all directions, or “cqui-axed” j 
as it is termed. Wheji a considerable mass ' 
of molten metal is poured into a cold metal ! 


mould, the first stagfn of 8olidtfi(»tion follow 
the law of growth at right angles to the 
isothermals. The rapid lilieration of (he latent 
heat uf fusion, however, soon retards the rate 
of cooling of (ho liquid interior of the mass, 
and aiter a time the temperature gradients 
lyceome small enough to allow' the crystallisa- 
tion to finish with the formation of a core of 
equi avnl <Tvslnh. In recognition of these 
fa<'tM * . outer i'on« of r^ial crystals is 
generally call 'd the zom* of “ ohill ” crystals. 

The exact manner in which a crystal will 
grow outward m a cooling mass of molten 
metal when its formation has lieen begun at 
a centre or nucleus varies considenihly in 
different metals and even in the same metal 
aeeoitling to eircurnstancos. liate of cooling, 
and therefore of crystal lisa tion, is probably 
the most imjiortant factor# hut the prosenoe 
or ahscn<'e of impurities (or alloying elements) 
also ])lays an inqioitant part. It is probably * 
only quite raiely that the crystals of a metal 
grow' m a regular manner, layer by layer, in 
the fashion with which we art* familiar in the 
slow crj’stallisation of many salts from their 
solutions The marked absence of geometrical 
outlmes in most metals is strong evidence for 
this view'. In the c,a,se of intcr-inetallic com- 
pounds, however, where the crystals frequently 
grow in a liquid iniHliuin having a lower 
freezing-point, such geometrical growth is 
mqch more frtquent. In these cas^«, however, 
there apiicars to be a remarkable tendency 
for the produetfoi. of hollow, shell-like forms 
riyhor than solid geometrical crystals. All 
the evidence points to the view that, in the 
very great majority of (uises. thp growth of 
metallic crystals occurs by the formation of 
dendrites or hranch(*«l fhrms winch only be-* 
come filled up as the jirocess of solidn -cation 
hecomea completed. In pure metals like lead, 
tin, or antimony, it is quife i-asy to show, by 
rapidly draining off the liquid residue from a 
partial! V sctlidified mass, that the crystals were 
growing d( ndntically, and the micro-structure 
of many allo\H confirms tins conclusion. A 
Ix'autiful example of such <lendritic structure 
is shown in Fi(j. 4, which n-presents a crystallite 
of silver fornusl m a matnx of an alloy of 
8ilv<T and (“opjx*r. 

The process of dendritic gmwth is of very 
consKlerahle imi>orta’"co in its suhsetjuent 
effects on the structure of a metal. Wc shall 
see below how imi>ortant a part plays in 
determining the structure of those alloys which 
form ” solid fwilutions,” hut even apart from 
th<»8e it ma^ 4 letermin 8 a feature which no 
subsequent treatment of the metal can com- 
pletely eradicate. Thus in all kinds of steel, 
however much mechanical working or heat 
treatment they may have undergone, it it 
possible, by suitable means of examination^ 
to trace structures which ^re the direct 

• 2o 
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reprowntativos of the original dendritic 
crystals whicli wore formed when first the 
molten steel solidified in the ingot-mould. 
Usually these fiersjstent efTects are duo to the 
fact that the growing dendrites bring about a 
particular distribution of any impunties which 
may l)o present. If the im])uritio3 are of such 
a nature as to remain in the crystallised 
material without separating out into 8|)eeial 
micro-constituents, the growing denifrites still 
bring about a concentration of the impurities 
in the outer regions and in the “ bays ” 
between the branches of the dendrite. On 
the other hand, impurities which are either 


ferred to in other articles (see “Metals, The 
Relations of Strain and Structure,” and 
“ Metals, Thermal and Mechanical Treat- 
ment ”). The processes with which we are 
concenied here are mainly those known as 
“ recrystallisation ” and “ crystal growth.” 
An endeavour has recently l^en made to draw 
a sharp distinction between the.se two pro- 
cesses,^ but it seems doubtful whether any such 
distinction is justified, since any recrystal- 
hsation necessarily occurs by the formation, 
and therefore the growdh, of fresh crystalline 
material. 

When a pure metal, on cooling from fusion, 




Fig. 4. — Dendrite in .silver-copper .\lIoy. x JfiO. 


mere mechanical enclosures, tir which separate 
out as distinct constituents, are usuallv jmslied 
outward by the growing dendrites, and are 
thus forced into the crystal boundaries, or 
they may be ” trappeil ” between the growing 
branches of the crystal. In this latter oa.se, 
their presence serves to outline the contours 
of the original dendrite, and these contours 
may remain visible in ^his way long after the 
entire crystalline structure has Wen swept 
away arnJ n'placed by an entirely different 
one as the result of work or of heat tix'atment. 

§ (3) Effect of Coouno.— W e lu^ve now' 
to consider the changes whicl^ the crystalline 
structure of a metiil may undergo sub- 
sequent to its first formation on cooling fixmi 
the liquid state. The effetds of mechanical 
deformation, whether applietl to the metal 
while hot or cold, wdll not be considered 
in detail hor<^ os they are more fully re- 


has developed its tyjiical structure, consisting 
ofj,an aggregate of crystallino grains, therq is 
c«insidoral)le reason to believe that, in the 
absence of either mechanical deformation or 
j of internal or “ allotropic ” transformations, 
it IS dilHcult, if not entirely impos.siblc, to bring 
about any rearrangement of the structure. a 
In the extreme case where the molten metal 
has been cooled very rapidly, and the resulting 
crystallino structure is very minute, even 
prolonged boating at temperatures well above 
those at which recrystallisation occurs readily 
and rapidly in metal only slightly strained, 
poduees no effect on the structure. Whether 
it is aaf^ to generali.se upon the limited experi- 

* Darpenkr and *KIani, “ Oystal Growth and 
KocrysUllisation in Metals,” Journ. Jnst. Metals. 
1920, il. 

• Ewing and Kosenhain, ” The Crystalline Stnic- 
ture of Metals,” second paper, Hoy. Soc. Phxl. Trans, 
A, 1900, cxciii. 
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mental evidence available and to draw the | 
conclutfion (bat the atnicture of a cast metal, , 
in the abwnce of H[)ecial causes, is too stable 
to be aiTeekHl by hc'at treatment, nmst remain 
to be sw'n ; h«> far there is, at all events, no 
defimte evidonce to the ccJiitrary. 

§(4) Allotkui’K' Fokms. — I n the cjiso of a , 
metal undcr^^oin^r an allotropic tninsforination ' 
at a ternpcriiture well l)elow its frtM'7.inK-|><““t* 
on the other hand, most definite evidences of i 
complete reerystallisiition are found. Pntbably ^ 
the example most studio<l is that of iron, ; 
which underp)e8 at least one well-marked allo- 
tn)pic chan^'e at a temiierature near DtX)" ('. 
On jiassin^ throu^di this tenij»eratuie, either on 
hotttino or on cooling', an entirely new system 
of crystals is built up. Here, in the solid 
metal, the new er\stallisation apjiears to atise 
in much the same way as m an ordinaiy liquid 
medium; minute (r\Btal8 <ff th<‘ m'w phase 
make their appf'aranee, and ^ladually sjiread 
tliroughout the entue mas.s. feeduii', as they 
tlnunsehes jirow, on the adjacent crystals of 
the other [iliase. in pun* metals, a hero tliese 
^transformations occur eiitiiely at a sinj^le 
temperature, it is diftieult to aateli tlnur 
progress. In alloys, however, the process 
becomes spreail out over a tenifierature range, 
and the alloying element generally proMdes a 
second constituent mIucIi facilitates observa- 
tion of tlie changes. Our knowledge of the 
behaviour of iron is therefore to some extent 
derived fiom, and eortamly mueh extended by, 
our observctions made on steels containing 
minute amounts of carbon. Analogous jiheno- 
incna are, however, met with ni other metals, 
notably in zitu ‘ 

The scale of tlie ciystallisatioii which results I 
from the n*arrangement incidental ly tim , 
passage through an allotrojue transft»rmation , 
may vary widely, but it is adeeted by the ' 
same causes as lliose which govern the si^o 
of crystals formed m a metal free/.mg from 
the fiquid state. Slow cooling (<.r he.ating) 
tend.s to jin^luce large, while rapid coolrtig 
(or heating) jinKluee.s small, erystil.H. i*or , 
this reason it is i>ossible to utilise the ojK-ration 
of heating a metal through an allot ropic 
change-point, follow'ed liy cooling through it 
again, as a means of lefinmg the structure. 
If heating is fairly rapid, the high tcmjKTature 
phase makes its appearance in the form of a 
very large nunil)er of minute erystaks, and 
only if the metal is held at the Ifigh tempera- 
ture for a eonsiderahle time do these er}’stals 
grow into a structure consisting <*f fewer and 
larger units. If, therefore, the metal is cooled 
down again at a fairly rapid rate, a«d after 
only a short sojourn at the.high temperature, 
a redevelopment of the low -temperature phase 
must occur in the shape of still more numerous 

» Binghxm, " The Allotropy of Zinc," Jmtm. Inti, 
iletalt, 1020, U. 


and smaller crystals. Provided* these are 
not kept hot long enough to undergo gniwUi, 
the ix'Hultuig structure of the cold metal is 
very tine grained. U should lax mentionetl, 
however, that in eertmu Ncry pure metals, 
no^ibly eleetioluic iron, there is a tendency 
for a very i ifii l formation of large cryNtals 
during the jt.uwage through the allotropie trans- 
formation. ami ill Hucli eaM‘8 relining by the 
mellnxl iiuln*af d may not prove jiossible. 

It should fuillior Ih^ nofxsl that it is not 
quite eirtairi that the erystallisatioii which 
(xeurs in a solid metal is either so jH'rfeet or 
so complete os that whieh (S’curs during 
soliddioatiou fr«>m the molten state. Certain 
ohserviitioiiH on the elTeets of strain * apfiear 
to indieato that (he ifgiihir ( rystalline struc- 
lino of the individual glams may not bo 
quite so ]»eif(‘it in reervsffllised metal as in 
I " e;ist ” material, 'riiere are also irrtaiii 
; dilTfienei's at and near the crystal boundaries • 
' w'hicb point III the same diivetion. 

I Willie reeiystallisafion n'sulfmg from an 
allotropK* transformation is a ri'latively rare 
phenomenon, eonlinecl to a few metals in 
which well marked allotropie cliangi's occur, 
reery.stall >atioii as an indirect result of 
niechanie,d deformation may occur in all 
metals and alloys winch possi'ss iJiillicient 
ductility to undergo a jilastie change of shape 
without fracture. 'I'he process of sofliming 
a iwetal which has previously la*, ii hardened 
by working it m the eol(l«--generally knowm 
,'iH “annealing’ — (oiisists essi'iitmlly in the 
amilicalion of a tlu*rmal tieatment (heating) 
which brings about reerystallisation. Jt is 
a curious fact, liowivor, that meehanioal 
sofUuiing appi-ars to oeei^r much more rapidly^ 
than any visible cliangc in the nicro- 
slnictuii*. 

The senes of phenomenawissociateil with the 
recrystallisation of strained nu't al are very 
coinph 'led, and It niiisl be admitted that 
their n.ituie ainl ineehanism arc not yet fully 
understood, although mueh research has Wn 
devot<*d to the niatpT. One of the most 
remarkable features of thest' proecBses is the 
formation, under certain eondilions, of zones 
of large ery'-tals — sometimes hundreds of 
times larger than those in adjacent regions. 
It has lieen shown fairly conclusively* that 
these large crystal foimatioris are associatisl 
i w'ith a set of conditions in which the tendency 
j for crystal ilcvejofiment increased steadily 
from one jiart of the piece of metal to another. 

I Such conditions may arise if a tenijHjraturo 
, gradient is present, wdiilc a systematic variation 
in the intensity of strain--a “ strain gradient ” 
—will have the same effect in a piece of metal 

> » SteaiJ and Carpenter, Joum Iron and SUtl 

* iloaenhain. JourtK Iron and Sted I nut , 1904, t. 

• Jeffries, Journ. Intt. MeUtU, Iff! 8, 2, xx. 
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heated unifftrmly. Advantage has been taken 
of this very vigorous crystal growth under 
favourable conditions to produce long wires 
of certain metals (zinc and tungsten) consisting 
of a single crystal (see also “ Metals, The Re- 
lations of Strain and Structure,” § ( 3 )). The 
whole subject of crystal growth cannot be 
pursued further here ; it is dealt with from 
other jK)int8 of view in the articles already cited, 
and for fuller details the reader shouftl refer to 
the f)riginal pafiers dealing with the subject.^ 

§ (5) Alloys- -Solid Solution.— Wo have 
hitherto considered, mainly, the micro- 
structure <jf a pure metal ; we have now 
to take into account the inHuonce on that 
structure of one or more added elements — 
generally ‘‘ alloying ” metals— and wo shall 
confine our attention, in the first place, to 
the case of a singffi added metal. 

To begin with, the great majority of metals 
/ are completely miscible in tlio molten state ; 
the few e.xcefitions, such as lead and zinc or 
aluminium and antimony, may be disregarded 
in a general survey. We have therefore to 
consider what hap|M)ns when a molten solution 
of one metal in another solidifies. Broadly 
8|)eaking, two alternative coui-scaa may bo 
followed, .depending upon the nature of the 
metals jircsimt and up(m their concentration. 
In one ease, the metals may sinifily crystallise 
together, so that the final solid metal will 
ultimately an aggregate of crystals o» of 
crystalline grains •which are ^11 of the same 
chemical composition os one another and as the 
alloy as a whole. This can only occur if Iho 
miscibility of the two metals persists after 
crystalliaution, and this is now generally 
^ expre.s8od by .saying that the twd metals are 
soluble in one another in the solid state or 
form *a ‘‘ s^lid solution,” This somewhat 
paradoxical term reaJly denotes merely that, 
in the final crystalline condition, the two 
metals have prcserviMl that condition of 
intimate admixtuix) which was present in 
their mutual litpiid solution. 

l.Aioking at the formation of these .solid 
solutions from the atomic point of ^iow, it 
would 8tH5m that, if the twt/ metals arc 
” soluble in the solid,” the crystals can be 
built up out of the two kinds of atoms 
indiscriminately. If the two metals are 
“ completely isomorplutus ” this indiscriminate 
building up of t^o two different kinds of atoms 
upon thermo space-lattice may occur at any 
concentration, and the two metals will form 
an unbroken scries of solid solutionSi in all 
their alloys. This occurs in thich systems as 
gold-silver, copper-nickel, and several others. 
More frequently, however, the two kinds of 
•toms are not strictly interchangeable in 
regard to crystal building, and beyond a 

^ See paper by Carpenter and Elara, already 
cited, where full references are given. 


certain concentration the surplus atoms of 
one kind are formed into a separate kind of 
crystal. Here we have the very usual case 
of limited solid solubility. 

Alloys of the first type, with complete 
mutual solid solubility, always possess the 
typical micro-structure of a solid solution. 
Those of the second type only possess this 
same structure within the limits of concentra- 
tion covering the range of limited mutual solid 
solubility ; beyond that range they belong to 
the group of ” duplex ” alloy.s. 

The typical micro-structure of a solid solu- 
tion, when it has attained full equilibrium, is 
exactly the same as that of a pure metal. The 
alloy consists simply of an aggregate of crystals, 
all having the same chemical composition. 
But when ordinarily cooled from fusion, 
such all«)ys rarely, if ever, attain this condition 
of ef(uilihrium, iflui in that case they exhibit 
a very charactenstic feature which at once 
allows of their identification as solid solutions 
as distinct from ])ure metals. If reference is 
made to the artiejp on “ Alloys, The Equili- 
brium Diagram,” it will be seen that, with, 
very few exceptions, the addition of a second 
element depresses the freezing-point of a metal, 
and that, further, wh(*re solid solutions are 
formed, the freezing jiroeoss, which occurs in 
a jmre metal at a single ti'inperatuie. is 
8[)read out over a considerahle range. If, 
now, solidification oommcnces at a rt'latively 
higii ti3mpcrature and continues over a range, 
it is clear that the actual substance solidifying 
at each stage cannot have the same chemical 
compo.Mition. At any one ]>oint in the 
proc(‘ss, for example, it would be quite 
possible to sepal ate, by mechanical means, 
the j^irt which had already solidified from 
that which was still liquid. But this separated 
li(|uid [Kirtion could not 1 k 3 made to solidify 
except hy cooling it fuither, so that it is in 
effect an alloy of lower freezing terniieraturo, 
ami a lower freezing temperature implies a 
different ehernioal composition. 

J^y the aid of a jiroperly determined equi- 
librium diagram it is jiossible to arrive at 
a quantitative interjiretation of t<hc whole 
frcH^zing process in solid solutions. All that 
need be eoiiHidertsd from the present jKiint of 
view, however, is that, os a crystal of solid 
solution continues to grow through a range of 
falling temperature, its successive layers will 
have different chemical compositions!, the 
inner layers or ” cores ” of the dendrites 
containing least of the dissolvcfl metal, while 
tfio concentration of the dissolved metal 
incrca8»3 towards the peripheries of the 
crystjil grains, ^ result, when a section 
of a solid solution alloy which has been cooled 
from fusion at any moderate rate is examined 
under the microscope, it is found that etching 
has strongly revealed the pre^ce of these 



METAIS AND ALLOYS, THB fflC^O-fiTBDCrbrai W ■* 4^ 


** ooree ** in the dendrites. A tjrpiosJ example 
o! these “cores” is shown in Ftg. T), which 
is taken from a specimen of brass containing 
approximately 70 per cent of copper and 
30 per cent of zinc. Sometimes the oum{K)8i- 
tion of successive layers appears to vary 
rapidly, sr) that etching gives sharply out- 
lined den<lriO« which it is at timoe easy to 
mistake for a true duplex structure. As 
a rule, however, the outlines are soft and 
blurred. 

The cored dendrites, which are so often 
met with in cast 8|K*<imens of solid-solution { 
alloys, are not truly stable structures. If the 
solidification process were carried out sufli- | 


$ (6> * Duplex Alloys. We ^ have now 
te consider alloys in which the presenoe of 
a second element results in the formation of 
a second micro-constituent: the “duplex” 
alloys. According to the nKsle of solidi- 
iication and the resulting constitution of 
the alloys, th^iae set'ond constituents take 
up v« noils forms. The simplest and miwt 
freqiitj't of these is lelatcfl to the substances 
known ai “ eutectif alloys.” Their iikkIo of 
formation is diM-ussiHi, from the thermal point 
of view, in the article on “Alloys. The Equili- 
brium Diagram.” Here wc need only follow 
the Ix-havioiir of a typical ciitectiferous 
alloy during cooling and Holidiiicati«)n. This 





FiQ. 5. — Deiulritlc “ Cores ’’ In Cast Brass coDtaininn 30 per cent Zinc, y 100. 


ciently slowly, the chemical composition, of 
each successive layer would liocome equalised 
with that of the previously solidified p^irtions 
by the process of diffusion, and ultimately 
the resulting crystals would be completely 
homogencou.s. The rate of diffusion by which 
such differences of composition can become 
equabsed, however, differs widely in different 
alloys, but it is rarely, if ever, rapid enough te 
obliterate the cores during ordinary solidifica- 
tion. Subsequent prolong heating, however, 
particularly if accompanied by mechanical 
working, such as forging or rolling, in many 
cases serves to obliterate the cores ^entirely. 
This is strikingly the case in ordinary brass, 
where the cor^ structufe seen in Fig. 5 
gives way to a homogeneous, although 
heavily “ twinned ” structure, such as that 
shown in Fig. 6. 


process commences when the alloy cools 
down to the temperature of the “liq nidus” 
curve of the equilibrium diagram — a tem- 
perature loosely spoken of as “ the froezing- 
pf)int ” of the alloy. Hero primary crystals 
of one metal begin to appear, and these 
crystals increase in size or in number or 
both as cooling prrxeeds. This separation 
of one of the constituent njetaJs, however, 
brings with it a progressive change in the 
chemical composition of the residual liquid, 
where the concentration of the second metal 
continually in^tvtases. Obviously, as the tem- 
perature falls, the remaining liquid must at 
each stage possess the concentration neces- 
sary to keep it entirely liquid at that 
temperature. This process continues until a 
certain limit is reached. This limit exists in 
regard to a minimum temp^ture which is 
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the freezing tenii)eraturo of the moat fusible metals, not in the form of a solid solution, 
possible mixture of the two metals m question, but in that of closely intermingled orysials 
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tanoously. Further loss of heat then results 1 of a system is termed the “ eutectic ” and its 
in the simultqpeous solidiHcation of both 1 microscopic appearance is often characterised 
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by fine laminations. Swn under very j \ihifh has been added to the alloy does not 
ma^ihcatioas, the re^^ions twcupied by the *c*xoe<*d the aniimnt capable of being retained 
solidified eutectic generally ap|iear dark, ' in solid solution. When, however, eutwtio 
being more dc'eply attacked by the etching ! d<»e« make its apiH^arance, its amount increases 
reagents. Under higher magnifications, how- 1 proportionately to the concentration of the 
ever, tluyluplex character IS revealed, alth<mgh j aec«ind metal, and the alloys with increasing 
the laminated aj)[)oaranee is not a necessary j eonceiitratif n show incri'asing proportions of 
or universal feature. An example of an | eutwtic in their micro-structure. This is 
alloy of silver and cop|>er containing 20 jx^r i illustiated m Ftgs. !> and 10, which represent 
cent of cop|)er, and showing a typical eutectic i alloys of adver and .’oj^jaT containing respect- 
constituent, as seen und(‘r a moderate i ively 7 and 1.7 per cent of e»)]j|)er; these may 
magnification (1(X) diameters) i.s shown in 1 m' compartHl Mith /’if/. 7, whicli rejirosents an 
/oy. 7. A portion of a typical eutectic | alloy t*f tlie same two metals containing 20 
under a higher magnification \l>00 diameters) jwr'cent of eop|aT. WJien the alloy as a 
is shown in Fig. 8. | whole has the com)K>silion of the eutectic 
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The amount of the eutectic constityent 
which is seen in any given ailf)y will (le|)en<l 
upon the compositifui of the alloy and upon 
the extent to which the two metals are soluble 
in one another in the solid state. In our 
sketch of the solidification of such an alloy 
wc have for simplicity assumed that the two 
metals w'erc completely iramiRCihlc in the 
solid state. This is never strictly true, and 
in the majority of cases there* i.s a consider- 
able degree of solid solubility. This affects 
the resulting stnieture in tw’o ways : in the 
first place, the primar}' crystals which first 
ap|K‘ar do not consi.st of the pure metal but 
of solid solution of the second ine!al in the 
first, so that these priTnary erj^st^ may 
exhibit a cored structure. In the second 
place, no eutectic at all will be present so 
long as the proportion of the second metal 


alloy, then the entire mierri-seetion is occupied 
by the eiitoetic structure, as in Fig. 8. 

The true nature of the structure of those 
duplex eute<‘tics has received a gt)od deal of 
study, and as a result the conclusion has been 
arrivtMl at tli.it they also are tnily crystalline, 
but the crystalline orientation can only be 
demniiMtrated in one of the two (constituents 
of the eut/cctic, owing to the Jact that eloctro- 
cheraical causes make it impo8si|)Jo to etch 
the more cathodic of the two substances. 
It has been found, however, that in most 
eutectics one^of the metals acts as the pre- 
dominant partner and fonns a kind of den- 
dritic skelcU>n on which the second metal 
then crystallises. Most careful and delicate 
experiments, however, have entirely failed to 
show any time-lag fxjtween the crystallisation 
of the two metals. In lyany cases it is 
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found, further, that the orientation of the i Duplex allovs containina 
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FM. 10.-~Sllver-coppor Alloy containing 15 per cent Coppei. x 100. 
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exiitenoe. The alloya of copper with rino 
furnish some very typical examples of this 
kind. An example of the micro-structure 
met with in such cases is shown in Ftg. 11, 
which represents an alloy copper containinc; 
40 per cent of zinc, seen under a magnification 
of 160 diameters. Here the second constituent 
appears dark after etching, but it is strictly 
homogeneous and shows no signs of the 
typically duplex structure of a eut<*ctic. 
The nature of thcao ull()ys cannot, however, 
be understood without detailed rt'ferenco to 
the equilibrium diagram of the system, for 
which the reader is referred to the article on 
“ Alloy Systems, Typical.” 


wliieh represents, under a magipfieation of 
300 diameters, an alloy Containing 82 5 per 
cent of /ine, 10 6 j)cr cent of aluminium, and 
7 |M>r cent of copper. The great complexity 
of these htniies makes it a fortunate circum- 
stance that mo-»l alltiys of practical imiKirtance 
are not ver>' far removed from a binary system, 
further metals lK‘ing generally inlnuluceii in 
relati\ely sip.dl amounts. Nfine the less, the 
study of' ernarv ami even inon' comiilex alloys 
is now a matb r of increasing importance and 
is being vigorously pursuwi.*' 

§ (7) Soui) Than.sformatio.v, " The micro- 
constituents and structure so far considoreil 
are those which aiv formed as the result of the 
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Fig. 11. -Brass containing 40 per cent of Zinc, showing Dnjilcx Htructurc. (a H / 150. 


The alloys hitherto referred to are the 8in»|)Ie 
binary systems containing two metals only. 
Where alloys containing a larger number of 
metals are in question, more complex structures 
are found. Thus the eutectic of the binary 
system is a duplex constituent. In ternary 
alloys (containing three metals) we meet not 
only with representatives of binary eutectics 
two of which may be present simultaneously, 
but also with a ternary elliptic which is 
built up of three metals which have crystal- 
lised simultaneously. In such a ternary alloy, 
therefore, we may find simultaneously primiry 
crystals of one of the constituent metals, 
binary complexes reseqjbling the ^binary 
eutectics but containing the third metal 
in solid solution, and the ternary eutectic. 
An example of the complex micro-structures 
met with in ternary alloys is given in Fig. 12, 


solidificatiuii of molten alloys. The influonco 
of cold working (plastic deformation) and of 
heat treatment (annealing) on these structures 
is discussed elsewhere (sec artieloAi on “ Metals, 
The Itelatnms of Strain and Structure,” and 
on ” Metals, Thermal and Mechanical Treat- 
ment of”). Here, however, we must consider 
another class of miclo-structures which arise 
from transformations which bocur in certain 
alloys while in the solid state. The most im- 
portant interesting of these arise in con- 
nection with steel and are dealt with at length 
in the article»on “ Iron-carbon Alloys.” We 
need only mention, therefore, that just as a 
liquid solution, i.e. a molten alloy, may on 
cooling deposit primaiy crystals of one metal, 
followed by a duplex eutectic, so a solid solution 

* Roaenhoin, Ilaughton, and Bingham, Joum. 
Ind. MeUUt, 1020, 1, xxtil. • 
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may al«o luiflorgo decomposition and may 
dep(wit primary orystfils of one constituent, 
followed by a du})lex constituent having a 
structure very similar to the typical laminated 
eutectic. 'rhcHo duplex constituents deposited 
fnim a cooling solid solution are, however, 
termed “ eutectoids,” in recognition of the 
analogy with and the distinction from ordinary 
eutectics. The most typical case is the de- 
composition of the solid solution of Carbon in 


structure is typical of a simple homogeneous 
solid solution. In the absence of the retarding 
elements named, or with slightly less rapid 
cooling, decomposition is not entirely prevented 
and, according to the rate of cooling, the micro- 
structure shows a whole series of transition 
products, among which certain ones having 
kirly well-defined characteristics have re- 
ceived special names, such as Martensite, 
Troostite, Sorbite. 



Fu». la. — Ternary Alloy containing Zinc, 82 5 per cent ; Alniuinlum, 10-5 per rent ; Copper, 7 per cent, x 300. 


hot gamma-iron and the deposition of crystals 
of alpha-iron (ferrite) in a matnx of eutectoid 
(poarli(o) consisting of alternate lamellae of 
inin and carbide of ironi^ A strikingly similar 
eutectoid is met with in the alloys of aluminium 
and 2 Linc. • 

In the case of iron and steel, however, there 
are still further complications which aria© from 
the fact that the manner in which the decom- 
po.sition of the gamma-iron solid solution takes 
place depends very much upon the rate of 
cooling. When some nickel or manganese is 
present, the decomposition of this solid solution 
can he entirely prevented by extremely rapid 
cooling (quenching), and the resulting mioro- 


For a fuller account of these special con- 
stituents of steel, and especially of hardened 
steel, reference must bo made to the article 
already cited (“ Iron - carbon Alloys”) or 
to the original literature dealing with this 
very complex* subject. Here it can only be 
pointed out tnat much of the difficulty which 
has arisen, and which to some extent still 
exfets, in regard to the real nature and structure 
of these gjonstituents is due to the fact that 
their structure is ^xtremely minute and fre- 
quently«evade8 the resolving power of the best 
modem microscope. In this field of inquiry 
most particularly, therefore, would an exten- 
sion of the i^olving power of thb microscope 
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be welcomed It, is probable, however, that 
ill some of these constituents we may be 
dealing with metal hohlmg a second phase in 
^mething like true colloidal suspension, and 
in that case a veiy largo increase m resolving 
power might lx* needled to throw rx^al further 
light on the problems in qui‘stion. ^ 


MiCRO.STKiroTURE of bmar>^ alloys. Shs 
“ Metals and Alloys, Micro-stnictiire of ” 
^ (ii). 

Etched sample of commercially pure iron. 

See “ Iron-carbon Alloys,’’ 1} (2). 

Of a solid solution. Sw “ Metals and Alloys. 

Micro-stnictimi of,” § (7). 

Of wrought iron. See “Iron -carbon 
Alloys,” § (o). 

Mild Carbon Steel, effect of temiieratim' on 
tensile strength. See “ Stoels. SiK'ohd,” 
§ (B) (i.), Table 3. ^ 
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Mm TEN Solution of one meta> in another 
solidifying. See “ Metals and Alloys, Micro, 
slriictnrn of," (p). 

Moi.VBDKNrM in s1<h‘1. Six* SUh'Is, SiKuual,” 
S (33). 

"hysKal projK-rlies of. See “ Alloys, Some 
SjKHial, ’ J; ^4) 

Mone", .Mim, : ,i nickel-C{»p|K'r iroii alloy, 
conibi|^mg groat ‘^'ivngtli with n'sisfanci' io 
coirosiiui, “ Alloy'i, Some Siiccial,” 

§(»)('.). 

Monov VRI \\T systems of alloys. S«h^ “ Alloys, 
Constitution of.” $ (1) (i\.)' 

Monoviriwt EoriLinRirM. n'liresmiled by 
borr/ontal lines in an c(piilibinim diagnim. 
Si^i' ” Alloys, Const it iition of,” ^ (1) (v.). 

.Mcltii’i.k Sv.stkm of aukinoino Cei,l.s in 
C opi'KH I{ffimno. Siio**' ( op[MU’, Electro- 
lytic Ib'Jimng of,” § (2). 


— N 


(Naturvl DuAircirr Fitr^M'Ks. Se<‘ “Fur 
naces for C;^borator^ Csc," ji! (tl) 

Nk’IIROme : a trade name for an alloy consist- 
ing essentially of niclo'l, chromium, and iron. 
See “ FuriLKe.s for Lalioratory Csc, ” 

Nickel, effect of, m copier • plating bath. 
See “ CopiM'r, Electrolytic ItoHning <»f,” 

J(3). 

Effect of low tcm}s*ratures on physical 
])i’oj>erticv. See "Steels, Sjiecial,” § (1) 

(A) (11.). 

In steel. See ihid. vj (311) 

And nickel alloys. Siyi “ Metals, Thermal 
and Mechanical Treatment of,” ^ (1). 

Nick El, Hiu.sses, Sei^ “ Alloys, Some S|K‘euil,” 

§ (1) (vi.). 


.VicKEi, Steels, non-eorrodilile projiertu's. 

See “Steels. S|Krial,” (IK) (m ), 

Nickel -'riiRoMii'M Stfel. S<si “ St4H»ls, 
S|H'eial.” ( 1 ). 

Annealed . tern |KTat lire, buisile strmigth, 
Si'o dud § ( 4 ) (li) (i ), 'Pable 3 , 

Nituocen in hD«‘|. S('e “Steels, Siecial,” 

5(2«). _ • 

N’on-maonetk 'Steei,. S<'e “Sti'cls. SpfH'ial,” 
('>-'). 

Norm \listno of Steel : hisating a steel aimvo 
the eiitual jionit and cooling in air. See 
“ Stc«*ls. iS(M*ciaI.” § ( U). 

Nortiiki I's FrRNM-E:'an elc'ctric in uctioi*' 
furnace working at high frequem-uis. S<h< 
“ Furna<*es, Eleidric, ” 


~ - ( — 


Oil Furnace, See “ Furnaces for I.,abora- I 
tory Use,” Ji (12). 

Opaque Hvlf-field Reflector: a t-oUdly ' 
reflecting jinsm or other reflector, placed m | 
the tiilie of a niicroscojK' m such a posithm I 
as to cover one-half the area of the tube, 1 


as usimI for the e.xaminatiori of metals 
under ” normal” or “vertical ’’illumina- 
tion. See ” .Metals, Microsi'opic Examina- 
tion of,” § ft>). 

OxA'OEN m Htoel. Htsi “ Stxx'ls, Sfiecial,” 
§ (3r»). 


P 


Parallel Sa'stem of arranging Crllh in 
Copper Refining. See “Copper, Elcciro- 
lytie Refining of,” § (2) 

Pass in rolled metal^: the amount of 
reduction in thickness which is applied in 
a single passage through the rolls. .So<> 
“ Metals, Thermal and Mechanical Treat- 
mont of,” § (6). 


Pearwte, a (‘onstituent of HUS'! : ajipoaranoc 
of, in ark eU hed sfieeimen. See “ Iron- 
c arbon Alloys,” § (7). 

F)ffeet of rate of cooling oil See ibid. § (0). 
Transformation int<i homogenecnis austenite. 
Sec ibid. § (7). 

Permeability as a physical property of rteeL 
See “ Steels, Sjiccial.” § (8)t 
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Phase in a, system of alloys. See “ Alloys, 
Constitution of,” § (1) (ii.). 

Amount of, at any tem|)eraturo in an 
oquilibrium fliaj^'ram. Hee ibid. § (1) (v.). 
Coin[)osition of, m an (Miuilibrium diagram. 
See ibid. § (1) (v.). 

Liquid, com position r)f, in an equilibrium 
diagram. Sk) ibid. § (1). 

Solid, ftomfiosition of, m an eq^^ilibrium 
dmgram. Seo ibid. § (1) (v.). 

Phase Rule, ai)pIi<'ation of. Soo “Alloys, 
Cori.stitution of,” § (1) (iv.) ; see also “ Phase 
Rule,” Vol. I. 

Phosphor Bronze. Soo “ Alloys, Some 
S|M)(‘ial,” § (1) (ii.). 

Phosphorus, existeneo in steel. Soo “ Iron- 
carbon Alloys,* § (14); also “Steels, 
SfHH'ial,” § (27). 

*PHOTo-Er,E(JTRi(’ I’uoi'KRTiES in relation to 
oonipoHitions of alloys. See “ AII(jv.s, The 
Relationship of Structure and Physical 
f^)n8tant8,” § (1 1). 

PHYsir.u. Properties of Iron and Steei., 
influoneo of tetn|)oraturo upon. Sei^“ Steels, 
SiKicml,” § (4). 

Pipe : the formation of a deep central con- 
traction cavity in ingots. See “ Metals, 
Thermal vid Mechanical Treatment ol^” 
§ 

PiPiNo ; the formation of a cavity in the 
central upfior part of an ingot during solidifi- 


cation. See “ Metals, Defects and Failure 

of,” § (2). 

Plastic Deformation : permanent alteration 
of form in a metal, resulting from the 
application of stre.ss in excess of the limit of 
elastic recovi'ry. See “ Metals, The Rela- 
tions of Strain and Structure,” § (1). 

I'LorriNo Chronograph. See “ Metals, 
Thermal Study of,” § (0). 

Polish Attack : a method of preparing metal 
raicro-si'ctions hy a polishing proce.ss carried 
on in the presence of a slightly corrosive 
liquul unable by itself to produc*e satis- 
factory ct('hing. See “ Metals, Micrnscopio 
Examination of,” § (2) (iv.). 

Polishing, BEii.nY’s Theory of. See 
“ Solids, The Fl||\v of.” 

Porcelain, comjiosition of. Soo “ Re- 
fractories,” § (;}9). 

Pro[)ertics of. S<‘c ibid § (41). 

Potentiometer, iCw for measurement of 
thermal E.M.F. S (!0 “ Metals, Thermal * 
Study of,” § (4). 

Powder, Vitreous Nature of a Fine, due 
to ib(‘ extent to which the transformation 
from the crystalline state has Ix'i'n affected 
hy flow’ (luring grinding. S(h^ “ Solids, The 
Flow of.” 

Puke Iron, S|>ocific gravity 7-892. See 
“ Stefds, S|)ocial,” § (.^>); see also “Iron- 
carbon Alloy.s,” § (1). 


-Q-r- 

Quaternary Allc^ys : sy.stems of alloys I “ Steels, S|x‘cial,” §(11) (ii.); also “Alloys, 
containing four component motak See | Constitution of,” § ((>). 


R 


Radiation Furnaces. See “ Indirect Arc 
Furnace ” ; see also “ Furnaces, Electric,” 
§ (4) (vii.). 

Railway Stef.L8 : generally carbon steels of 
0-2.0-7 {>or cent carbon. Analysis; mechan- 
ical profierties., Soo “ Stools, S[)eeial,” § (4fl) 
(ii.), Table 10. 

Rare Earths as alloys with light raetak 
See V Alloys, Some Si>ecial,” § (5), ( 

Reagents, Aihd, for etching'' metals and 
alloys. See “ Metals, Microscopic Examina- 
tion of,” § (2) (i.). 

Recrystallisation of strained metal. St^e 
“ Metals and Alloys, Micro-structure of,” 

5 (5)- 


Recrystallisation in Metals, where allo- 
tropio transformation takes place below 
their freezing-point. See “Metals and Alloys, 
Micro-structure of,” § (o). 

Recuperative Furnace. A recuperative 
furnace working on natural draught has been 
designed by ^ger for testing refractory 
material. Another larger fumaoe has been 
designed at the National Physical Labora- 
tory for firing and testing nffractory 
materials and for experimental glass- 
melting. Sec “ Furnaces for l^aboratory 
D8e,’'.§ (9). 

Refractories, summary of properUes of. 

. See “ Refractories,” § (55). 



REFRACTORIES 




REFRACTORIES ^ 

I. Introductory 

§ (1) The term “ refractorios ” donotcH 
materials which are availahlo for use in o]»ra- 
tions which require to be carried out at high 
temperatures. 

The term refractoriness is generally applied 
only to the thermal proiiertios of a material, 
ue. its resistance to high temjxjraturo, although 
occasionally wo find a body Inghly resistant to 
corrosion designated os refract.ory. 

In the category of refractories are grou|)ed 
certain heat-resisting alloys, metallic cements, 
some silicates (such as clay which may be re- 
garded as an aluminium silicate), and a number j 
of oxides, nitrides, carbides, etc. 

Refractories are employeil in the construc- 
tion of furnaces, muffles, ^crucibles, ladles, 
stirring rods, and so on. F’or fWTvico in the i 
lower high - temperatun) range (not over 
KKK)'’ C.) metallic alloys are sometimes used 
for the manufacture of muffles and crucihles, 

• and for extremely high ^m|K'raturc8 (over, 
say, C.) oxides {e.<j. magnesium oxide) 

and such bodies as carborundum (silicon car- 
bide), and, in the lalniratory, metallic platinum 
and iridium and the rarer oxides, such as 
zirconia. A large majority of itdractorios, i 
however, covering a working t-<*m|Miratun' | 



form of liniclay (the Alg(), varying from 10 to 
40 per cent) or as a siliceous rxdractory con- 
taining over 90 JX'F cent of SiOg. 

In general, refractory materials only acquin> 
satisfactory mechanical ]»ropert,ios after they 
have lieen exposed to a higli tompiwatyro for 
some time. For example, fireclays as they are 
mined are fnable and di'iintegratc under the 
action of water; it requires a temperature 
exceeding about 1200° T. to impart to the 
material the characteristic properties of a 
firebrick. Similarly, a silica brick is fragile 
and of littlo use as a refractory until it has been 
fired to a temporaturo exewding 1400° C, An 
adequate initial heating (in some cases to a 
tenifierature exceeding the subsequent working 
temperature) is essential to ensure stability in 
use. 

A refractory material must bo not only 
reasonably stable at high temperatures, but 
must 1)088088 certain chemical ' and physical 
properties which render it suiUble for the 
purpose for which it is employed. j 

To frame a sjiecification for a refractory 
material for any jmrticular purpose *we must 
know, therefore, first, the, chemical, physical, 
or mechanical conditions under which it is to 

* The Arshlf numerals in the text, thiin (1), refer j 
to the classified list of references at the end of the 
section. > 


be used, and, secondly, the ten^ieratute or 
range of teraiieratures at which theso conditions 
prevail. 

It is, accordingly, difficuk- to formulate a 
rational classification of refractories, since any 
classification based solely on chemical grounds 
will lx. of littlo use from a physical standjxiint 
i.nd is not by any means the only critenon of 
the value of tiie material, oven with respect to 
its s ifteiifiiig-jioint. at high temjKiraturos. 

Tho ’i able of a m'j’actory article thus de})ends 
on a combination I'f ])ro|)ertie8, and we seldom 
find that a material selected for a sjx^cial 
[mrposo is tho best wliich could be obtained 
for any operation other than that for which 
it was originally sidected. Thus the failure of 
a refractory in service often arises from tho 
injudicious selection of niattwials and from the 
application to ono jirocnss^f a material Ix'st 
suitod to another. Fri'iiiumtly a ndractory is 
required to withstand treatment which calls 
for properties only obtainable at the sacrilico 
of other pro]xwtieH equally indiNismsablo, and 
wo have then to I'flect a compromise. For 
exampht, it is ofUm desired to obtain refrac- 
tories which must {a) resist the corrosion of a 
fluxing agent, and (b) withstand rapid fluctua- 
tions in temjMwatiiro during the operation. 
To obtain the maximum resistance to i^orroHion 
it is nix’ossary to use a dense non-porous body, 
whereas to resist a sudden cliango of temjxira- 
tuj;e without cracking an o]x*n. jiorou.s, lightly 
fired body is tlu^ mo.st suitable, fi'or this pur- 
pose, thercfori*,^ it is necessary to make use 
o^ a refractory of medium porosity which will 
give a reasonable lifo as regards both (n) 
and (h), but w'hi(;h cf)ijld easily Ix) surpaswxi 
if only onc»as|)oet, either (a) or (6), had to Ix) 
considered. ' i 

As a rule the process of manufactugo and, 

I consequently, the jibysical an<l ntechanical 
j properties are of greater importanee than tho 
j ultimate chemical composition of the material, 
since, at high temperatures, we are dealing 
goneially with arrested reactions, few refrac- 
tories Ix'ing in a condition of stable equilibrium, 
and the rates of reaction between tho consti- 
tuents are governed largely by the texture and 
certain other properties, notably the viscosity, 
of the body. 

§ (2) SoFTENiNo-PorNT.—Oonerally speak- 
ing, a refractory confists of particles of highly 
infusible material, which may Ixi either amor- 
j phous or crystalline, cemented together with a 
I more fusible, amorphous bond. 

Forrexample, a silica brick containing, say, 
94 per cent o{»8ilica will consist of a refractory 
skeleton of more or loss pure ciystalline silica 
(quartz, tridymite, or cristo halite) c>emented 
together with a glass comjxised of impurities 
in the original silica together with Buxen 
(usually lime) ailded to increaw^ tho amount of 
bonding material. In this esse the amorphous 
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material will consist of, n)ughly, CaO 20 j)er 
cent, AljOj 10 per cent, Fe^O, 10 j[x)r cent, the 
balance Unng silica. 

At high temijoriaturos this bonding Hiibstance 
bec<mn^H fluid and a [irocoss of Boiution Ixigms, 
the infusible constituent dissolving slowly in 
the liquid, which thereby Inwomes more I'o- 
fra<tory. Hence the vi.scosity of the bond 
increases with the time the rc^fractory is 
maintained at any jiarticular temfier^turo, and 
at the same tinu^ the quantity of the liquid 
phase incniase.s at the e\|Muise of the solid, 
infusible constituents. 

As the (juantity of liipud phase increases the 
ndraiitory as a w'holo shows a readiness to 
undergo pl.istic dfifitrmatiou This jdasticity 
fHirsists over a considerable range of concentra- 
tion of the solid phase in the liquid (the actual 
range de|Kinding chiefly on the size of the solid 
particles), and linally, when a suflioient quan- 
tity of the solid lews dissolved, viscous flow 
* takes place and the refractory as a whole 
assumes a viscosity which is a fiUK'tion of that 
of the liquid jihivse. 

A refractory body cannot thcn'for*' 1 h^ sai«l 
to possess a melting-point m a strict wmse, but 
begins to flow when the coneentratK^^i of solul 
phase reaches a certain minimum! and is 
oapablo«of deformation undiw loatl at lower 
tonqieratures which de|)end on the pro.ssuro an<l 
on the ratio of solid to liquid pluiKses. 

It is clear, therefore, that, since the 
inochanical ®.diaviour of the n^fractorv at high 
toin(K)rature depmiTls on this ftitio and on the 
jmjfKwties, notably the viscosity, of the liqiij^l, 
the conditions which control these determine 
largely the behaviour of the I'efraetory. 
Hence, we have to consider the (^'m|ierature 
^poellioiont of viscosit’f of th(» bonding material 
and the solubility and rab^ of solution of the 
infusiblo coiiAitiumts in it, this latter factor 
being de|)ondent oif the finoneas of t<ixtun> of 
the refractory, and together with these the 
inlluoncc of the dissolved material on the 
viscosity of the fusible matrix. 

In practice the ])nd)lem is iuon> complex, 
since we frequently find that new }>hases 
crystallise out of the fusible solution and, in 
addition, that the infusible constituents under- 
go transformations to allotro|)ic rnodilications. 
'Fhe process of solution and recrystallisatiou 
gives rise to changes in, density ami jiorosity, 
and the consequent shrinkages and expansions 
are accompanied by changes in the mochaiiioal 
prolHwtios of the refractory. 

The ratio of liipiid to solid is coi\tnilled 
largely hy the time and tenqieqxtum at w'hicli 
tlie body lias been fired, and it might perhaps 
bo thought that since .a prolonged firing in- 
creases the quantity of liquid phase an under- 
fired body was desirable. This is, however, 
not generally the case, since the advantages 
which follow fi;oin a liquid phase of high 


viscosity, combined with the phases which 
crystallise out of the solution, outweigh the 
detrimental effect wliich an excess of liquid 
phase might lie cx|K<ct/od to produce. 

§ (.’1) MeaSUREMKNT of SoFTENlNd-POINT. — 
Many suggestions have lioen 2 >ut forward w'ith 
a view to standardising the measurement of 
the softening - jxjints of refractories. The 
problem jirosonts some difficulties, since it 
IS nocoHsary to define three variables, time, 
tcmiioratum, and jiri^ssuns and a careful 
control over thesis is requiriHi dunng the 
determination of the softtuiing-point, since 
the pro|a‘rf.ios of the refractory are changing 
rapidly at tern j rat u res in the neighbourhood 
of the sofPming-pomt. 

A convenient criterion of the softening-point, 
and that usually ado[)ted, is to make a small 
tetrahedral cone — about 2 inches high — of the 
refractory and ti^ siihject it to a UMUiKwature 
rising at a known sU'ady rate (that usually 
ailoptod Ls 10^ ('. per minute), the softening 
temporatiiit' Ixung that at w hich the cone IkuuIs 
under gravity and f he tip just touches the floor 
on which tfie coiic^'tands. This procedure is,^ 
of cours(‘, purely arfutrary and has no obvious 
physical meaning, but, m jmictico, it gives 
satisfactory comparative Results. Since the 
rat(^ of rise of tem]>erature is diflicult to control 
and R'sults olitaimsl ut different rates are hard 
to c.o-erdmato, it has Ikmmi found convenient 
to eom|)an? refractories with standard cones, 
made uj) from silicate mixtures, of similar 
dimensions, heated together witli the rcfrai-tory 
under to.-.t. By this moans the effect of varia- 
tums in tlu' rate of heating are minimised. 
This system has the furtlu'r advantage of 
avoiding the necessity of direct lueasurcinont 
of the tem|>craturo during the ti'st, a perform- 
ance which is liable to smious error except in 
the bands of skilled ojicrators with refined 
apparatus. A set of cones was devised by 
Soger, aud these have lHien generally aeloptod 
as standards of redcixmeo. 

Oil opposite jiago is given a list of Soger 
cones,* together with their comnositions and 
the tern jK'ratu res corresponding roughly to 
their softening - points (or “ squatting tem- 
jK'ratunxs " as they are usually called), w ith 
a rate of heating of approxihiately Kf'' C. jxjr 
minute. 

A variation in the rate of heating may make 
a diffen'nco of anything up to 100° (\ in the 
squatting temjxirature. The higher the rate 
the higher the squatting temperature. There 
are, unfortunately, other standards in use, and 
although some are in some respects more 
satisfoetpry than the Segor cones, the con- 
fusion which arises^through the multiplication 
of stai^^ards more than outweighs the advan- 
tages of their use. 

* '* Phyaloal ChemUtry of Seger Cones,” Sosman, 
TraM. Amer. Ver. Hoc, xv. 482. 
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List or Tones 


Cone No. 


Chemical Corni»o«<itlon 



Trni|>erat»m* of 
Softeiiinn 

010 . . 

0-3 K,0 0 7 CaO 


0-2 

Fe.O, . 

. 3 50 FiO, 0-45 11,0, 


. . IKK) 




0 3 

AUO. 





09 . . 

0 3 K,0 0-7 CaO 


0 2 

Fe,0, . 

. 3 55 

S.O, 0 50 11,0, 


. 920 




03 

A1,0, 





08 . . 

0-3 K,0 0-7 CaO 


0 2 

Fi-,0, . 

. 3 6.) SiO, 0 0) lUO, 


. . 940 




0-3 

Al.O, 





07 . . 

0 3 K,0 q-7 CaO 


0 2 

Fi>,0, . 

. 3-65 

^lO, 0 35 11,0, 


. . 960 



0 3 

A1,(L 





0« . . 

0-3 K,0 0 7 CaO 


0 2 

Fe,0, . 

. 3-70 SiO, 0 30 li,0. 


. . 980 




03 

Al.O, 





05 . . 

0 3 lv,0 0 7 CaO 


0 2 

Fe,03 . 

3 75 

SiO, 0 25 11,0, 


. . \(m 




0 3 

A1*0, 





04 . . 

0 3 K,0 0 7 CaO 


0 2 

Fc.Oj . 

. 3 80 SiO, 0 20 lUO, 


. . 1020 



0 3 

AI.O3 



4J 


03 . . 

0 3 K,() 0 7^'a() 


0 2 

F^VL . 

. 3 85 .SiO, 0 15 11,0, 


. . 1040 



0 3 

AljO, 





02 . . 

0 3 K,() 0 7 (aO 


0 2 

Fo,0, . 

. 3 90 SiO, 0 10 11,0, 


. . 1060 



0 3 

ALO, 





01 . . 

0 3 K,U 0 7 CaO 


0 2 

Fe,0, . 

. 3 95 SiO, 0 05 11,0, 


. . 1080 



0 3 






1 . 

0 3 K,0 0 ?(’aO 


0 2 

Fc,0, . 

. 4 

SiO, . . . 


. . 1100 



0 3 

Al,0, 





2 . . 

0 3 K,0 0 7 CaO 


0 1 

Fe,0, . 

. 4. 

SiO, . . . 


. . 1120 



0 4 

Al,0, 





3 . . 

0 3 K,0 0 7 CaO 


0-05 

F«,,0, . 

. 4 

SiO, , . . 


. . ]m 




0 45 

AUO, 





4 . . 

0-3 K,0 0 7 CaO 


0 5 

A1,0, . 

. 4 

SiO, . . . 


. .1160 

5 . . 

0 3 K,0 0 7 CaO 


0 5 

ALO, . 

. 5 

SiO, . . . 


. . 1180 

6 . . 

0-3 K,0 0 7 CaO 


0 6 

AUO, 

. 6 

SiO, . . . 


. .'12tK) 

7 . . 

0 3 KaO 0 7 CaO 


0 7 

Al,0, . 

. 7 

SjO^ . . . 

<» 

. . 1230 

8 . . 

• 0 3 K,0 0 7 ('aO 


0 8 

Al/)^ . 

, 8 

SiO, . . . 


. . 1250 

9 . . 

0 3 KjO 0 7 CaO 


0 9 

AIA *• 

. 9 

SiO, . . 


. . 1280 

10 . . 

0 3 K,0 0 7 CaO 


1 0 

AUO, . 

. 10 

SiO, . . . 


. . 1300 

11 . . 

0 3 KiO 0 7 CaO 


1 2 

AUO, . 

. 12 

StO, . . . 


. 1320 

12 . . 

0 3 K,0 0 7 CaO 


1 i 

AUO, . 

. U 

SiO, . . . 


, . 13.50 

13 . . 

0 3 KjO 0 7 CaO 


1 0 

AUO. . 

. 16 

SiO, . . / 


, . 1380 

14 . . 

0-3 K,0 0-7 CaO 


fs 

A1,0, . 

. 18 

810, . . . 


. . 1410,, 

15 . . 

0 3 K,0 0-7 CaO 


2 1 

AUO, . 

. 21 

SjO, . . . 


. ' . 143.5 

16 . . 

0 3 K,0 0-7 CaO 


2 4 

AUO, . 

. 21 

SiO, . . . 

> 

. . 1460 

17 . . 

0 3 K,0 0 7 CaO 


2 7 

AUO, . 

. 27 

SiO, . 


. . 1480 

18 . . 

0 3 K,0 0-7 CaO 


3 1 

AUO, . 

. 31 

SiO, . . . 


. . ]5(M) 

19 . . 

0 3 K,0 0-7 CaO 


3 5 

AUO. . 

35 

SiO, . . . 


. . 1.520 

20 . . 

0 3 K,0 0-7 CaO 


3 9 

AUO, • 

. 39 

SiO, . . . 


. . 1.530 

26 . . 

0 3 KaO 0 7 CaO 


7 2 

AUO, . 

. 72 

SiO, . ■ . 


, . 1580 

27 . . 

0-3 K,0 0-7 CaO 


20 

AUO, . 

2(K) 

SiO, . . . 


. . 1010 

28 . . 



AI.O, . 

. 10 

SiO, . . . 


. . 1630 

29 . . 




AUO, . 

. 8 

SiO, . . . 


. . 1650 

30 . . 




AUO, . 

. 6 

SiO, . . 


. . 1670 

31 . . 




AUO, . 

. 5 

SiO, . . . 


. . 1090 

32 . . 




AUO, . 

. 4 

SiO, . ^ . 


. . 1710 

33 . . 




AUO, . 

. 3 

SiO, . . . 


. 1730 

34 . . 


• . . 


A1,0, . 

. 2-5 

SiO, . . . 


. . 1J60 

35 . . 




AUO, . 

. 2 

SiO, . . . 


. . 1770 

36 . . 




AUO, . 

2 

SiO, . . . 


. . 1790 

37 . . 




•AUO, . 

. I66S1O, . . . 


. . 1825 

38 . . 




Al.O, . 

. 1 33 Sit), . . . 


. . 1850 

39 . . 


,1 


A1,0, . 

. 1 

SiO, . . . 


. . 1860 

40 . . 

• • • 



AUO, . 

, 0 66 SiO, . . . 


. . 1920 

41 . . 




A1,0, , 

. 0 33 SiO, . . . 


. . 1960 

42 . . 





A1,0, . 


. . 2(KX) 
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Heraeus , prosaed an iridium rod, 9 mm. 
diamoter, into tho rofraotory and determined 
the tomjKirature at wiiich (L) the rod began to 
penetrate and (ii.*) tho rod «ank into the refrac- 
tory at tlio rate of I rnm. per minute. He 
UHod a high prrjssure, 400 gm. per sq. mm., 
and fr)und that tho {wnotration began from 
250'’-300" C. below the aoftening-point, but 
that the temjierature at which the atandard 
rate of |)enetration waa obtained varied very 
considerably with different clays and bore no 
apparent relation to the softening-point.' 
Bleininger and Brown • carried out tests on 
clay at temperatures of 1300® and 1350® under 
loads of 75 and 50 lbs. |H)r sq. in. 

§ (4) Classification.—Wo can conveniently 
divide refractories into a nuinlx'tr of groups, as 
under : 

(a) Rofractorie»rtif which tho principal con- 
stituent is clay. 

^ (6) Siliceous refraotorioH. 

(c) Porcielain. 

{d) (^'arbonaceous refractories. 

(fi) Refractory oxides, carbides, etc. 

11. Rkfractory (.'lays 

§ (5) OkNERAL Puoi’EUTIKS OF OlAYS. — 
Clay is ilie fundamental base of a large class of 
refraotorioH. Tho term clay is uwmI to describe 
a mixture of minerals, tho [irinoipal con- 
stituents l^ing mica, felspar, quartz, and 
hydrated alurninyim silicates correspomling 
closely to tho formula (Alglfa 2SiOj 2 H 2 O),,. 
This latter constituent, which Mollor ^as 
called clayite, is an exceedingly fine-grained 
material, lieing composed of particles ranging 
in size from about 2 n downwards^and exhihit- 
ing strongly tho Broifnian movement. Clayite 
is detom pos^xl by sulphuric acid, wherea.s 
quartz, felspar, mic^, etc., are not. Advantage 
is taken of this fact in tlie so-called “ rational 
analysis ” of clays. By this metluxl tho 
clayite — or clay substance — is decomposed and 
taken into solution by and tho rosi<luo 

is regarded as felspar and quartz. The 
aluminium in this residue is then determined 
and tho felspar calculated on this basis, the 
quartz being estimated by difference. The 
results obtained by this metliod (with certain 
refinements) are not very satisfactory and only 
approximate to the conl>,josition oi the clay. A 
more satisfact-oty estimate of tho raineralogical 
composition can Ixi calculated from the com- 
plete analysis, assuming the sodium and ptitas- 
sium to bo present as albite {Na,0 AljC^ 6SiO,) 
and orthoolaso (KjO AljO^ t^ifij), the calcium 
as anorthita (0a(^ AljOj 2SiO,) (Rather more 
satisfactory results are obtained if the potash 
is reckoned as muscovite, according to the 

‘ Heraeus, ZeU. f. angew. Chm. 18 (1906). 49 
• Blelnimter and Brown, Technologic Paper of 
Bureau of SUindattit, No. 7. 


I formula KjO SAl^Oj 6 SiOj 2 H 2 O.) The re- 
maining alumina enables the clayite to be 
calculated, and tho surplus silica is reckoned 
as quartz. 

Analyses of typical clays are given in § (19). 

Most clays contain a considerable quantity 
of free silica and a few bauxitic clays contain 
free alumina. For tho effect of different con- 
stituents on tho properties of clays see § (19). 

Clays may be divided into two classes, 
residual and sedimentary. The residual clays 
are the residue from the decomposition of 
rocks, chiefly folspaWiic, through the agency of 
water and carbonic acid, tho alkaline silicates, 
etc., being washed away. The sedimentary 
clay deposits are formed by the transportation 
of the residual clay by water and are usually 
of finer grain than tho residual clays. The 
most useful refractory clays aro ; 

(i.) Kaolin oriChina clay, a residual clay 
generally contaminated with mica and quartz, 
from which it is separated by washing. Kaolin 
(which should not lie confused with the 
mineral kaolinite) ajiproximates closely in 
composition to cls^ito (Al 2()3 2SiOa 2 H 3 O). 

(li.) Ball clays, sedimentary highly plastic* 
clays, frequently containing high jiorcentages 
of soluble salts and organic matter. Good ball 
clay is used as a bond for more refractory 
clays. 

(iii.) Fireclays, a term generally applied to 
residual clays associated w ith the coal measures, 
Thest^ clays vary very considerably in com- 
position, grain, size, and pnqierties ; they aro 
more fully described below. 

§ (H) Plasticity. — The property most char- 
acteristio of clays is that of developing plas- 
ticity when wet. The degree of plasticity 
varies greatly in different clays. We may 
tentatively define a plastic body as one 
which undergoes permanent deformation with- 
out rupture under a finite shearing stress 
which has a lower hmiting value. Wo 
can distinguish between a plastic and a 
viicous body, since tho latter undergoes 
deformation under a load which has no 
lower limiting value. Wo have thus several 
distinct factors which make up tho property of 
plasticity. It depends on tho friction which 
determines tho stnisa required to produce de- 
formation and the mobility of the body when 
this friction Ls overcome. 

No succ 0 .S 8 ful attempts have been made to 
classify clay* by a direct determination of the 
mechanic.;! property of plasticity as obtained by 
tho measurement of the deformation tho clay 
A^l stand without rupture, or the mobility of 
tho olay^ under stress just sufficient to overcome 
friction. With most clays, when at the consist- 
ency l^st suited for working, tho stress is of 
the order of 60 lbs. per square inch. 

One common but misleading use of the term 
plasticity precludes the possibility of defining 
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it rationally in terms of mobility and limiting 
stress, since the word is used to denote the range 
of concentration orer which the clay has plastic 
properties, i.e. the dilToronce between the con- 
centration of solid at the point where friction 
is zero and at the jioint where the mobility 
approaches zero and the fnction is high (the 
concentration of solid at this latter point 
approximates to the closest jxissihlo packing 
of solid particles and is tlierefore inde|)endont 
of the size <if particle). 

The finer the particles of the clay, the longer 
will be the range of concentration over w'hieh 
the clay is plastic and the greater the mobility 
at the concentration of solid at which jilastu; 
flow ceases and viscous flow Ixigins. 

From the above considerations a niimlM‘r of 
indirect methods have Imhmi (h>velo|)ed to 
evaluate the compaiativc^ plasticity of clays. 
Probably no method is so si^^silivo as the feel 
of the clay to the hand of the skilled worker. 
A (piantitative basis is, howeviu’, d(*sirahle for 
comparative purpose's. Still it is obvious that 
none of the methods for assigning an index for 
ilasticity winch ain outliiiitl lielow', indicate 
ho true physical com'option of plasticity; they 
rather give a value roughly jtroportional to the 
pla.sticity. 

The simplo.st enterion of plasticity is the 
dobormination of the “water of plasticity.” 
The clay is moistened and kiie.idcd to the Ix-st 
consistency for working, and the moisture 
content is dctonninod ami tabulated as the 
“ w'ater of plasticity.” 'I'liis test gives the 
concentration of solid jiarticles wIk'II the clay 
is in iks Ix'st working condition. The higher 
the w’ater of plasticity the more pla.stic the 
clay. It Honi(gim(!S hapjK'iis, howwor, that 
two clays may have similar waters of jilasticity 
while yet the ranges over w hich they ri'^mam 
plastic are widely different. A further test is 
therefore reijuiix'd. In this connection, a test 
devised by AtU^rlxu-g is usffful. The clay is 
placed on a flat ili.se and moistened to such a 
consistency that a slot of V/-.shaixxl section mit 
across the clay slab (which should Ix' about | 
in. thick) will just close up to a V st'ction on 
the disc being tap|Kxl. The water content of 
the clay is then (k't<*rminefl. I’he clay is then 
dried until it is just too “ short ” to roll into a 
rod on the palm of the hand without crumb- 
ling The water content of the clay is again 
determined and the difference between this 
and the former value (reckoned ae percentage 
water in the clay) Is known as the Atter- 
berg plasticity niirabt^r. This numlier, taken 
in conjunction with the water of })la.sticit^, 
gives a good evaluation of the plas^jcity of 
a clay. 

It is generally believed tfiat the partjj*les of 
clayite are coated with a thin film of colloidal 
substance, which consists partly of oi^anic 
colloids and partly of colloidal silicates, silicic 


I acid, and hydroxides of aluininiuiji, iron, etc. 

• The amount of the colloids jirosent is a function 
j of tlu' '»ize of the clay particle and therefore of 
I the plasticity, and an estimate of the colloids 
m the ilay is found to agna^ w ith other metluxls 
of gauging the plasticity. The jierctmtago of 
c<)lloid can Ix' coiuenienily estimated colori- 
melmally with a standard dye solution (mala- 
cliite gn'cii ls suitable for the purpose). For 
maxiniiii ' ])iasti<;iy the amount of colloidal 
substance slmukl lietwwn 0-5 jx'r cent and 
1 jier cent. Ik'low 0 5 jx'r cent the clay is 
too “shoit” and above i r> jxir cent too 
sticky for comfortabje working.^ 

Pla.stuitv may also be eialiiated eompara- 
ti\ely by means of the drying shrinkage and 
(i-nsile streimth of the dned clay. In the 
latku- ease the clay is sometimes niixc'd with 
sand, smee with a highly pla^^ie elay it is found 
imi)o,s.sible to diy b'st puxrs without the 
formation of sniall cracks which givm a low 
\alu(' to the tensile stirngth. A mixture of 
clay and .•^and can Ixi driod without fear of 
Clacking. 

Another indm'ct method of estimating 
plastii ity is a slaking test. A sample of a clay 
i.s nunildci^l to a culx* and dried. Jt is then 
placed in water and tlx' time taken for the 
clay to hn'ak down is determined. A strong 
jilastic clay will n'sist the slaking action of the 
water foi SOUK' hours, whert'as a kaolin will 
(Iisinb'giatii ill a fc'W minutes. 

Th(‘ above tests can all used to estimate 
the \nlue of a ( ffiy for Ixmding purposes. 

J'hc lato of drying is an imjxirtant factor in 
the Is'liavionr of clay. This can Ix' <let<*rmiued 
by rneasiiiing th(» liixiar slinnkago and deter- 
mining the *ime takmi for complete shrinkage 
to occur. With slow-dryihg clays it is difficult# 
to avoid serious cracks during dr and 
incomjilcte drying leforo the wan*, is fired is 
a cause of much trouble fo listers and manu- 
bicturers of n-fractori('S. 

§(7) l)EFLOCcrLATioN. — Tlio properties of 
clays are probnindly modiheil by the addition 
of an electrolyte. The viscosity of clay 
‘‘ slijis ” (a b'rrn used to denote a clay mixture 
when dilubd with water to form a liquid) 
can Ix) controlled by the oildition of suitable 
reagents ; the plasticity of a clay is affected 
in a similar manner. The general Ix^haviour 
of clays towards reageatx is determined by the 
solubility n lations of the possHblo solid phases. 
We have, m a clay, colloidal silicnies, silicic 
acid, hydroxides of aluminium, iron, etc., salts 
of lime and the alkalis and, often, organic 
matter. Any waction which tends to increase 
the size of the particles of the disperse phases, 
converting sols into gels, causes an increase in 
the pkvsticity of the clay. (The phenomenon 

I ••Technical Contrnl of the Colloidal Matt.er of 
fHays,” n, E. Ashley, T«*vA, Paper of Bureau of 
Standardt, No. as. • 
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k usually kpown as flocculation, tho converse 
being termed doflocculation.) 

Tho flocculating or doflocculabing action is 
chiefly duo (i.) ta changes m tho solubility of 
tho participating [)ha 808 ; this may 1)0 brought 
about by exchanges of bases, the precipitation 
of insoluble compounds or a “salting out” 
action, or (ii.) to changes in tho electrical 
charges on tho particles in HUHjmsion. Re- 
agents which exert a flocculating action in 
clays aro acids, acid salts, lime, calcium sul- 
phate, soilium chloride, and most neutral salts. 
Tho princijial do floccu labors aro ammonia, 
alkali hydroxides or carbonates, borates, 
silicates, and salts of tho weaker acids. 

Those dolloccniating agents have, in general, 
a certain concentration at which the maximum 
degree of doflocculation eM.Hf,s ; excess of tho 
reagent decreases 4|io degmo of doflocculation. 
Thus, with sodium carbonate Na^COa — the 
relation between viscosity and concentration 
* of tho Na/JOa in a sli]) is as follow s : * 


Time tuken lor Slip to 
(low throunh an (Irlflco. 

(Inmn of Niijl'O, addl'd 
to 1 10 uriM ot Wiitcr 
and 68 grin ('l.iy llody 

Sees. 

« 

Hi 

0 

• 10 

0 1 

8i 

0-2 

n 

03 

7 

0-4 

1 

0 .5 • 

7i • 

• 1 0 

n 

1 5 

9 

2 .^) • 

16 

3 f) 


To increase tlu' fluii^itv of clayslipsu.scMlni the 
casting jirocess (.sei' § (11)) a common practice 
is to use a mixture of sodium carlsiiiate and 
sodium silicate as a^ellocculaut. Tho mixtui'e 
has certain advantages over either one of these 
reagents. 

§ (8) Tiik Action of Heat on Clay. - 
When clay is heated certain well - marked 
changes occur in its constitution. On heating 
to above KK)’ C. the absorliod moLsture and 
water hehl in tho pores is driven off. On 
further heating an endothermic reaction is 
observed in tho neighbourhood of bOO'’ (\ At 
this point a marked cha|igo in tho pro]x>rtio8 of 
tho clay tako.s .place. Up to this |)oint tho 
plasticity,^ which has lieen destroyed by 
heating, can bo restored by prolonged treat- 
ment w'ith water ; after the ondoyiormio 
reaction has occurred tho pl^ticity can no 
longer wholly bo restored. Tno toinperaturo 
at which clayB pormanejitly lose their plasticity 
vanes. Tlie plasticity of surface clays cannot 
bo restored after heating to about 400® 0., in 
a ball clay it is generally lost at 4o0° C., in 

‘ Taken from MeKor, Trans. Cer. Soc., 1908, vl. 161. 


china clay at about 500° C. Some shales 
appear to improve in plasticity on heating to 
this tonijieraturo, and a t/oraix)rature consider- 
ably higher is rtMpiircd to destroy their 
plasticity. In the neighbourhood of the endo- 
thermic range tho combined water is driven 
off, and tho clay Iwcomcs jiartly soluble in 
HCl. There is a considerable range of tom- 
fiorature tlirongliout which the combined 
water can bo exjxilled by [irolonged hoatuig. 

Mellor suggests th«t the clay, at this point, 
breaks down, forming fiw silica and alumina. 
Other suggestions have Ixien put forward, e.g. 
tho formation of coiu[)oundH such as Al^Os HiOj 
and AL^Oa !18i()^, etc. If silica be liixsratod it 
is an amorjihous form, since no trace of tho 
inversions of a-fi quartz occurring at 575° or 
tridyniite at 117 ’ (A, etc, (see § (50)), can bo 
(lotecbMl. 

On further hoii/iing no change occurs until, 
m tho neighbourhood of KOO'-DoO® C., there is 
an oxothormie n^aetiou. According to Mellor, 
this react ion denotes tho jxilyinerisation of tho 
alumina, which, pii heating tho clay to this 
point, liocomeM inHihiblo m 11(1. 

'I'he H|)ecitic gravity of clays falls on heating, 
until the exotli('rmii! loaction occurs, at which 
point it r(5ach('s a minimum. This minimum 
IS shaqily (kdiiu'd in tho caso of pure clay.s, but 
not ill tho more imfuiro clays, which also lose 
tlu'ir combined water over a longer range than 
do tho purer varieties. Above tins jioint the 
Hpi'citic gravity slowly rises with rising tom- 
jiorature. 

As tlu> clay is heated to still higher temj-iora- 
tiire^ fiirtlK'r cliauges take jilaee. In tho 
absonco of an ajipreeiablo amount of fluxing 
maUu-ial amorphous sillimanito (AI^O, SiO^) 
ap]K*ars to Ik^ formed at about 1200° C. A 
bigb-j^rado kaolin (china clay) will show faint 
tract's of tho separation of an iHotro[)i(! material 
of rcifractivo index differing from tliat of the 
matrix, which is also amorphous. 

At 1400° ('., and more rajudly at higher 
teiin|)eraturos, notidlo-sliajxid crystals of silli- 
nianito apjiear in this i-sotrejne material, 
suggesting that amorphous sillimanite is 
formed by the interaction of the products of 
the decomposition of the clayittj moloeulo 
at a point whore tho viscosity is too high 
to permit of molecular orientation in a short 
time. 

Most clays, how'evor, contain appreciable 
quantities of^felspathic material, together with 
traces of compounds of iron, calcium, mag- 
nesium, etc., with the result that eutectics, 
having melting-points w'ell lielow 1200°, are 
usually formed and the clayito dissolves in tho 
liquid phase, giving ri.so, in aluminous clays, 
to a ^recijiitation' of crystals of sillimanite. 
As indicated in § (2) the solution of silica and 
alumina in tho fiiseil material raises its vis- 
cosity until, if the toraporatwre be maintained 
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constant, a point is reached whore the rate 
solution lx)conios ne;?lii;ihly sinalL 

Tho pn'sonco of a liquid pliaso in appreciahlc 
quantities cauties a larijo cvjutraction in tlu> 
clay body, under the action of surfaeo k^nsion 
Thus, on firing dried clay articles, we find first 
an expannion in size at about C. followed 
by a slij^ht contraction up to about (’, 

a contraction often loss than the previous 
expansion, with the n^sult that h>j;htly fired 
clay articles (fired to say KHXr (’.) may l>o 
actually larger than tho original article afk>r 
drying. 

§ (9) I’oKOSiTY. — Froni this pomt, as the 
tenijioraturo of firing rises, there is a rapid 
shrinkagi', as thc' jirescMico of tho fluxes iK'conies 
appanuit, an<l the jiorosity falls fnmi tho 
neighbourhood of 40 until the clay is completely 
Vitrified, with zero poiosit\. {'rhe porosity is 
usually nM'konod as the latn^.of the volume <tf 
the jioro spaces m the brxly to the total 
volume ) Aetuallv, a |K)rosity of /eio is rarely 
found, since on vitntication a numlicr of air 
bubbles are trappi'd m the viscous mak-rial. 
giving at least 2 or .4 [mt c(4)[t of <4oscd jiores. 
•It IS customary to difienuitiak' Iwtw’is'ii true 
and afifiari'nt porosity, the latter Isung the 
jiorosity calculated on the ofaui pori's, i.c. the 
pores aceassible to a liipiid if tlu' body lie 
hi'ated III the li([Uid iindiu' rediuisl pressim*. 
The true jxirosity can be dotermtmsl by the 
estimation of the density of the finely powder<*d 
rnakinal and subsoqiient calculation from tin* 
weight of a known volume of the mat-erial. 
Tho appaient jioiosity is determined b\ 
weighing the body (i ) drv, (ii.) s.iturat/(Ml with 
a liquid of known s|M‘cific gravity, usually 
water or xylene (bv lioihng under rtuluced 
pressiiri'), and finally (iii.) weighing siisjiended 
in the lirpiid. The porosity I* is given lA" tho 
equation 

p Weight w(‘t Weight dry 
Weight wet - Weight in water’ 

With n'fraetories having an apj)are«t 
porosity of I.") jier cent iipwanls the closed 
pores are few and may Iki m-gleck'd, but with 
an apparent porosity of less than H) {M*r cent 
tho closed pores iK'como appreciable, froquontly 
with douse bodi(‘s amounting to 4 or 6 {M*r cent. 

Thc largo shnnkage which occurs on firing 
clay refractories is due almost entirely to tho 
closing of tho pores. On vitrification or 
“ sintering ” there' is an actual #xj)ansioii of 
tho clay {i.e. a drop in true specific gravity), 
which, however, is masked by tho ahrinkago 
owing to tho dccroaso in fiorosity. • 

§ (10) Giioo. — In the manufacture, of re- 
fractory artielos, this rapid shrinkage wmuld 
invariably give nw to crai'ft.s w'hen th(^*body 
wa.s fired and, accorrlingly, thc shrinkage is 
reduced by tho addition to tho clay of some 
inert material Vvhich undergoes little shrinkage 


during tho firing. This generally takes tho 
form of jireviously burnt clay w hich is ground 
and iui.\wl with tho raw clay, nlthoiigh sjiecial 
materials, such as carborindurn (Si(') are 
Sometimes used. Tho addifum of this inert 
material, technically known as grog, produces 
certain cluingi s m tho jii'ojK'rties of the body. 

I’oi anv particular si/e of articl(\ there 
exists a maximum .size in gntg if satisfactory 
ph} ucal ju qx'rties aiv exjH'ctcd. For moat 
practical purposes it is generally desirable to 
approach as losi'ly ns jiossiblo to that limit. 

'J'he grading of thc grog cxi'reisos a con- 
siderable influcneo on the ]iro|)(>rtie.s of tho 
H'frai'torv. (ienerally B)a'aking, the grog 
should Ik' gradeil in such a way that tho larger 
]>arti< lo.s should foim a skifieton throughout 
tho boily ami tliat the smalkT particles should 
^>1 gi.oled to fill the voiils Ijjdwivn the larger. 

Tho olTocf. of Miifiibk' giading eliietly shows 
itself in fho projertios of tho clay body in tho 
unburnt eomlition and wlien filed to t<'m|K‘ra- * 
tiiK's Isdow the \ 'Inficaf ion point of llie clay. 

When thc clay begins to \ itrifv, ofliei fat'tors 
predominato m detei mining llio stn'iigtli of 
tho clay body, eg, tbi* fluxes and flic siirfaco 
factor of flic grog. 'J’lie surface factor ia 
determim'd liy the area of siiifaco }i(<r unit 
w (‘ight. ‘ • 

'I’bo liigli(>r till' surface factor of the grog, 
tlii^ stiongi'i’ lb<‘ rcfiaitory and fbeloss n'sist- 
ant to sudden cliangcs of k*m]H*raturo. 4’ho 
big1i(*r fbo total ]»('ic< ntago of grog present, the 
less lilvidv IS tlfii icfractory to ciack with a 
raoid (b.iiigi' of tciiqieratnrc, but tlu' weaker 
is th(» mcchaimal strmiglb. 

Tli<*.re IS an appreciable differc'iice in tlio 
liiojMu ill's of Ihc lefraclory according as jioroiia 
giog is imHsti'iwd Iwforr' iniMiig with the clay# 
(>r is mixed dry with tlii' day. In t! . former 
i iisi' a rnoH' o|>en slim lure is [iroouci'd and the 
refnactery is inori' n)si.sta)if to a rajud ebango 
of (emiieraturo. 

Sim c t he jirt'sence of grog increases the 
jioroHitv (tf till' refractorv, we fn-rpiently find 
that a high |)ercentage of grog incroasos the 
refra<'tormoas because tlii' fluxes are not in 
such intimate contact with the refractory 
skeleton of thc block. I'lie fluxes in the grog, 
winch IS, oi should lx>, fired to a temiKTaturo 
exceeding that to which tho refractory is fired 
or at which it is to Ix' uiod, an*, rich in dissolved 
SiOj an<l Abo.,, and the grog m a whole is loss 
likely to squat iimler load than thg bonding 
clay. 

§ (11' The Manttfacture of Fireclay 
Articles. — 'Pht'e processes are in general use 
for tho manufacture! of refractory articles : 

(i.) moulding, (u.) pressing, (iii.) casting. 

(i.) Moulding . — In this process advantage is 
taken of tho plasticity of the clay, which is 

' Purdy, Tram Amer. Or. Soc., lOO.'l, vll. 441 ; 
Mellor, Trant. Eng Cer. Soc., 1910,^. 94. 

• I 
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moi.sfconoil tho dosirod consistency, to 
develop maximum plasticity, and moulded 
into tho rcK(uin)d shape with or without the 
aid of a mould. • 

'J’ho (ilay, after mining, is carefully picki'd 
by skilled sorU^rs who endeavour to remove all 
iron nodules and any gross im[)untio8. Tho 
importance of careful picking in tho manu- 
facture of tho host fireclay articles cannot bo , 
ov 0 r-O 8 timat(?d. Frequently, clay f%mi good 
seams is partially spoileil by lack of duo ' 
attention to the picking. The selected clay 
is then “ weathered,” that is, laid a.sido in 
tho open, expo.sod to tho action of frost, rain, . 
and air for some time— months, or in some i 
cases years. ' 

Tho changes whiidi take ]ilaco diirmg tho 
weathering jirocoss vary considerably in degree 
with different typits of clay. Some clays am 
cornparativiily unaffected, but, in genoral, tho 
^ profiorties are to a great extent modified. 
'Fho structure of tho clay is broken down and 
it is I’ondenal friable. 'I'he pla.Hticity is greatly 
increased, soluble salts partially removed, and 
a marked incmaso observed in the colloidal 
content of tho clay. (A few instances are 
found whore [iropi'rl.ies of the clay afo affected 
adversely by weathering.) 

The (flay is generally spn^ad out in IhmIs to 
weather, and is ofUm sprayed |K5riodically with 
water. Some manufacturers subject their 
clays to tr^’iatment with steam to imprpvo 
their phvsticity. ^ 

The clay, after weathering^ is usually first 
crushed in some form of jaw crusher and tljoii 
ground in an edge runni'r mill. I'his mill 
consists of a steel pan, a part of the bottom of 
which is [K'rforatod to allow tho <ground clay 
• to pass. Tho grinding is effected by two 
massive iron discs (sometimes fitted with stoi'l 
tyres) w'hieh are fr^e to mvolve on edge about 
a common horizontal axis. 

There are two tyjxis of edge runner in use ; 
in one the axle iHiaring tho discs is revolved 
about the middle point, tho di.sos ninning in a 
fixed pan, and in the other tho axle of the discs 
IS fixed and tho pan is revolved. 

Tho clay Is sometimes ground in ball mills 
instead of edge runner mills. The tyjie 
commonly used consists of a stool revolving 
drum, lined with flint and chargiMl with Hint 
jiebblos. 

After grinding, tho clay is screened, any 
coarse pi.rticlos being retained for further 
grinding. The grading of tho clay in some 
COSOS is imiKirtant, particularly if, fer some 
special purpose, little or no greg is being used. 

In some works tho practice of mixing all or 
a part of the grog with the clay before grinding 
is adopted, and the clay and grog are ground 
together. This practice has some advantages, 
inasmuch as a thorough incorporation of the 
grog in the clay is secured, but it has the dis- 


advantages that it is somewhat difficult to 
control adequately tho grading of tho grog and 
that it entails tho mixing of tho clay with the 
dry grog, an undc.sirable jirocoduro if an open 
structure is desired, f'he total percentage of 
grog W’hieh can Ixi used convciuently depends 
largely on tho binding power of tho clay. If 
too high a grog content lie employed tho mix- 
ture becomes short, diflii ult to mould, and is 
excessively friable when dry and liable to 
break in handling. In England tho common 
practice in the manufacture of largo refractory 
articles, such as tank blocks for glass furnaces, 
IS to usf» about .‘10 jior cent grog. Although 
it is generally tho case that mixtuix^s of high 
grog content are very jiorous, with judicious 
grading and tho use of only hard-firod dense 
grog it i.s possible to obtain a diuiso block 
containing considerably more than 110 jict cent 
grog, satisfactoi’v^blocks Ix'iiig found contain- 
ing over 50 per cent grog. 

' llcfractorios containing up to and over 80 
jK!r cent of grog are made for sfHH ial jmrposes, 
and in this c'lass are included sjiecial refrac- 
tories, such as siW-on carbide (carborundum)^ 
and alurnmous articles. 

In grinding grog atbrntion should be given 
to the adjustment of the griiuh^rs to yield 
grog as angular as jiossible. Smooth, rounded 
grams make weaker bfidios and do not bind 
I w’lth such facility as angular particles, reijuiring 
I more binding clay. It is partly for this reason 
1 *hat tho incorporation of carborundum into a 
clay mix effects a gmit increase m the' strength 
I of tho body. 

' It i.s usually found desirable, in making tho 
' best class of r(^f^actorlos, to iisti a mixture of 
I several clays, one, highly refractory, blended 
I with a clay not so ndractory but very plastic, 
j Such a jiractico is found, among other advan- 
I tage.s, to produce a denser and stronger body 
I and to distribute tho shrinkage during tho 
! firing over a longer tomiieraturo range, thus 
j reducing tho danger of w'^arping and cracking 
j owing to small variations in temperature in 
j different parts of the kiln, 
j Having selected suitable clays and deter- 
mined tho proportion and grading of grog, the 
mixture is weighed out or measured by 
volume (if the grog has not previously been 
ground in with tho clay) and, as a rule, put 
j through some form of mechanical mixer, “ piig- 
i mill ” or ” blunger.” Sometimes tho mixing 
is carried ouft in a mill of the edge runner type 
with a levolving pan which contains no per- 
forations. Tho runners are of a lighter 
construction than those used for cnishing and 
are suspended on bearings to avoid further 
crushing of the grog. It is more usual to 
I emplofi’ a mixing trough, fitted with revolving 
, blades which projiel tho mixture slowly along 
I tho trough while the mixing is being carried 
1 out. The troughs may he open or closed 
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(pug-mill), the latter type being mounted 
vertically or horizontally. Water la added to 
the clay in tho mixer U) form a plastic maan 
of the doHirod (•oiiHist<‘ncy b^r moulding. After 
])uggiug, the clay is sometimes oonsKlenul reiuly 
for raouldmg, but more fiXMiuontly it is lai<l 
aside in a cool place to “ sour ” for a period of 
anything from a few dajTi to some months, 
Tho clay is ke])t moist during this time, usually 
covered with sacking. This proceas un- 
doubtedly improves tho plasticity and distri- 
butes the moisture more evenly through tho 
mass. 

The mouUling of refractories is generally | 
carried out in wooden or metal moulds (for 
some purposes plasU r of Pans mouhls are 
sometimes used). For largo blotiks tho sides 
of tlu! mould are fast<Micd together by means of 
hooks and can Ihi taken apart after tho block 
hjw boon finished and alloi^j-'d to luirden. 

The clay is thrown with force into the mould, 
working with small quantity's at a time, from 
tho comers and i'<lgos inwards, ami is tanijs'd 
thoroughly m position. , 

The surfaces of tho blov^s are subsoquontly 
smoothed uith a scra]x>r. Jlri(k.s ami small 
artu les can Ix) mouldixl m single part moulds 
which can be lillcd at one “throw.” Hollow 
blocks are moulded with the use of cores in 
tho mould. It IS sonietimos found desirable, 
when making blocks (»f meonvonieiit shajxi.s, to 
mould a block somewhat larger than the 
reipnred size, to allow it to dry slightly, and 
then to carve it to the fiiiLshed shaixi. 

(ii.) Pressing . — For many purposes forimng 
by pressing gives results more satisfactory 
than by plastic raoukliiig. In the first pliu’c, 
it is unnccossary to us<^ highly ])la.stic clay, 
a higher jK^rcentago of grog can Ih^ u.sed if 
desired, the drying shrinkage Ls sm&ll, an<l 
tho resulting body more dense. There is a 
limit to tho pressure which can Ixi apjilicd with 
good results to clay refractories for any 
particular moisture content. If this pressure 
is exceeded a laminated structure is pro<lijco<L 
The drier tho clay tho more jiressure it will 
stand. The maximum density is obtained if 
tho clay is slightly damp. 

Until recently there has been a prejudice 
against machine - ma<lo bricks and blocks. 
This has arisen ow'ing bi tho difficulty of 
si^'juring tho exact conditions necessary for 
obtaining good pressed ware. The distribu- 
tion of pressure, the most suitable load, and tho 
time of application must he adjusted to suit 
the jiarticular material which is being worked, 
and if these adjustments are at fault, arttcles 
will be produced which will compare^ unfavour- 
ably with hand-matle w’are. 

It has not yet been *found praej^ablo to 
produce by pressing very largo blocks of com- 
plicated shapes, although pressed blocks would 
offer many advantages, notably uniformity to 




the specified dimensions, ^inco tlioso blocks 
do not shrink ajiprociably while drying and 
are less lialile to warp in firing if the materials 
are Wfll mixoti. « , 

The manufacture of jircssed bricks has Inx'n 
established for some time, and it has Ixhmi 
found that the wcll-mado pressed brick i.s equal, 
if not sujxwior, to a good liand-mailo brick and 
is generally truer to sliajH'. The outjnit of 
up-.o-dste brick machines may lx» very large, 
uj) to HVM) bricks jKW hour. 

(ill.) Cast ng.--T\w jirocoss of slip-casting 
is largely un(h 1 in the manufivcture of potUwy 
and porcelain, but at jiresont it has had only 
a comjiarat-ivoly small apjiliiyiiion to the 
iireclay imlustry. I'he procedure adojitod 
where no cori' is eniploycil is as billows : 
WaU'r is addod to tho clay mivtiire until a 
viscous liipiid IS ])roducod, just sufficiently 
fluid b) be pounul from ftic containing vessi'l 
into the mould. If tho liquid is too thin tho 
coarsiw particles of tho clay and grog wilV 
8<‘ttlo at the bottom. I'he mould is made of 
plastm* of Paris, which absorb.s the wati'r from 
the slip, leaving a layer of semi-eb’y clay on 
the surface of tho mould. When the layer 
has reached tho retpiiivd thickness tho remain- 
ing slq) i.s poured out, leaving the solidified 
clay adhering to tlie mould. After a short 
time the clay shrinks slightly anti IxHoinos 
detached from the mould ; the article is then 
removed from tho mould and allowi'd to dry 
lA the usual way. 

§ (12) Puhl'HHATrON of THE MOHLD FOR 
Oastjno. — A jiattcm of the refractory artii'lo 
j Required is made in wood, day, or metal (duo 
I allowance Ixnng made for tlu' shrinkage of tho 
refractory on liiing), anil round this patt<‘rn a 
mould is cast, with a fine grade of jilasterof 
Pans ; tho jiattern is lubricaU'd to ore vent the 
adhesion of the ])last-er (a solut.on of soft soap 
18 commonly used as a liAricant). It is gener- 
ally foimil necessary to make the mould in 
sevmal f)artH to facilitate tho removal of tho 
clay casting which is fragile. In casting com- 
plicaksl shajxiH it is sometimes necessary to 
make the mould in six, eight, or oven more 
parts. When costing large articles and tho 
mould requires to lx; of considcroblo sizo it 
is customary to reinforce it with iron rods or 
to enclose it in a wooden case. 

Tho thickness of ^lio mould depends on the 
thickness of the refractory Jxiing cast, t.e. on 
tho amount of water to be lyisorbed, an 
average thickness for articles such as small 
crucibles Ixiing 2-4 inches. For casting large 
articles, the^lastcr w'alls may be 6-10 inches 
thick, or even more. 

§ (13) Preparation of Slip.— The prejiara- 
tion of a slip is a comparatively simple matter 
and requires far less care and expenditure of 
time than the preparation of tho plastic 
mixture for moulding. Thij desired quantities 
. I 
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of f’la.y and i^radod aro vvoi^»hod out and 1 
niJXfid with wator and a Hinall (juantity of a 
dfiflocculating a^ont (moo § (7)) in Korno form of 
“ blun;(or.” Slipni inado n[) from a highly 
plastic c lay do not, as a rnlo, cast woll, although 
a small proportion of jil.wtic clay added to tho 
mixture facilitates the casting slightly. The 
grog content of th(‘ slip is as a ruh? high —from 
40 to 00 per cent. 'Fhe mldition of the defloc- 
eulator dcMrreascjs the viscosity of ^,ho slip 
greatly, thus enabling less watc^r to Ix' used and 
inerc'asing the weight of the sliji. It is desir- 
able to use a slip as thick as will [loiir con- 
veniently, to prevent H(^ttlement of the coarser 
particles of grog. It is (‘ommoii practice to 
use aliont one-fifth jxt emit of the deiloceulant 
(calculated on the total dry weight of clay). 
Hodnim carbonate or sodium silicate aro the 
most usual reagcui^ ; a mixture of the two 
gives the best results (loughly two parts of 
sodium carbonate to one part sodium silicate), 
*but the choice of the deflocciilaiits vanes 
somewhat with the clays used. 

Without the UH(» of a d<>llocculant, an 
average slip weighs up to 2<) or 2S ounces to 
the pint. With the addition of a suitable 
reagent hIi[»h can be made wmehing .‘1^ ounces 
to the pint or (htii more and containing only 
about 2(i per cent wator. The use of these 
heavy .slips has many advantagi'.s. The grog 
does not tmul to settk', t he plaster moulds do 
not become rapidly saturated with water ayd 
can Ix' UH('d sevi'ral Jbiinos without drying, and 
the time of casting is shortcihxl ; it is also 
possible t<^ cast arficUxs thicker with tl|p 
dellocculated slip than with the .simple slip. 

f}(U) 1)i<:taii,s oi’ (’\.stin<i Piuk’Ks.sks. — It 
is not ;vs a rule conveuimit to ca.st^without a 
Qore bodies having a w'All I hickni'.ss gri'ater than 
l,r to 2^ By having a ]ilaster cor<> this thick- 
ness can be incVoast'd to about .T' to V. 'I’liick 
articles t<vko some li'ours to cast and roijuiw 
to 1x1 left in the mould <»ver-niglit Indore they 
aro HuHiciently dry and airpiirc the necessary 
strength to enable them tt> Ix' rmnoved from 
the mould. If a plastic clay Ixi u.s<>d the 
thickne.s8 of wall which can be cast is greatly 
reduced. (Irx'at advantages aro claimed 
(apparently jii.stiliably) for the process of 
vacuum easting, in w'liieh the mould is 
eneloseil in a cliamlx'r w'hich can Ix' evacuatsxl. 
The moisture is thus drawn off rapidly and the 
casting greatly a»celerated; the ai-ticles east 
in this way*,aro practically dry Ix'fore leaving 
the mould, only a short time for further drying 
being nece.ssary Ix'fore tiring. (Further ad- 
vantages are obtained by introducing the slip 
into the mould under jiressure— from 10 to 2() 
Ills. ) By this process it h is bwn found ]x>ssible 
to cast articles considerably thicker than in 
the ortlinary w'ay. The advantages of slip 
casting are : 

The process is r<«pid both ivith respect to the 


preparation of the clay and the time of manu- 
facture, skilled labour is not requireil, non- 
plastic mixtures can Ixi used, and the time of 
drying and the nsk of cracking during this 
time arc reduced. On the other hand, the 
moulds are bulky and expensive — [larticubrly 
when vacuum or pressure casting Is employed. 
Great care has to lx; exercised whim storing 
the moulds to avoid disintegration of the 
plaster, espf'cially if a dofloeciilaiit is used. 

§(15) Dryino, — liie drying of largo pieces 
made from a plastic mixture is a tedious and 
delicate process. In the cAsa of small articles, 
such as standard firebricks, comparatively 
rajiid drying may be jir.K'ti.sod. With wx‘11- 
rogiilated Jioating and ventilation, bricks may 
Ix) dried in three to four days, or less if a tunnel 
drying kiln is used. Very roughly, the time 
required for drying varies as the ratio of the 
vobinio of the arf(ele to the siijx'rlicial anxv. 
Large hl(X!k.M, liowovcr, are extremely dillieult 
to dry completely, requiring very careful 
regul.ation of temperature, and ventilation, and 
absmiee of dranglits. A largo block may take 
anything up to six4u* eight months to dry. 

A proeo.ss which ])roiniscs to giv'o good 
results IS know'u as “ humidity drying.” 'J’ho 
blocks are jilaeed in a eliamlxT and licated, 
steam bmng introilueisl into the cliambcr at 
the same time. A high tempcratiin* is main- 
tained during the process and the humidity of 
the atmosphero gradually reduced. In this way 
the water vajiour passes out from the inside of 
the bloek.s wink' the outside is still damp and 
little or no shrinkage has oecnrroil. 'J''his jirocoss 
is not yet in general ns<', although it liOvS been 
tried, w itli eonsideiablo sneoess, m ciirt-ain cases. 

Lack of caution in the drying may cause 
crackiiig or warping during the firing. 'Fhe 
phenomenon of “ black coring ” may also Ixi 
traced indirectly to this cau.so. It is freipiontly 
found that in the centre of largo fire-clay 
bloi^ks a dark vitrified zone exists. This dark 
jiatch IS line ('hiefly to the presence of ferrous 
Hilicnte.s and carbonaceous material which has 
not Ix'on burnt out during the firing, and 
indicates the lack of oxulising conditions during 
the early part of the firing. 

It is essential that all refractories, par- 
ticularly tho.se containing appreciable quan- 
tities of carbonaceous materials, should be fired 
slow'ly during the stage from 500° to 700°, to 
permit of thorough oxidation ; if this is not 
done, fii.siblo ferrous silicates will Ixi formed 
and the refractoriness of the block impaired. 
The presence of moisture in the clay xvill cause 
a lag between the temperature of the kiln, 
which is rti.sed steadily, and that of the refrac- 
tory, with the nisulf^ that, when the water is 
finally oypelled, the temporaturo of the block 
rises rapidly, passing through the danger zone 
too quickly. The risk of black coring could 
bo avoided by slower firing, but the cost of 
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fuol deters the manufacturer from providing | 
a safety factor wliicli, if the drying were 1 
satisfaetory, \voul<l Iw tmruHessjiry. 

§ (16) Firinu. KiI/m. — Many ty|)e3 of kilns j 
are oniployod for tlio firing of rofractones. 
These fall into three groups : (i.) up-draught j 
kilns, (li.) donn-draught kihis, (ui.) horizontal- 
draught kilns, 

(i.) Vp-drai(fjht Klim. — In these the gasc’is 
outer the bafU' of the kiln, paas up through the 
refractories, wliieli are packed in the kiln in 
such a nianm'r as to leave suitable passages, 
and out through an outlet in the crown of the 
kiln. It IS not easy to obtain either a high or 
an oven distribution of tenifierature in those 
kilns and they aixi little used now. 

(ii.) l)oinn -draught Kilns. — This i.s the tyjio 
usually adojited for filing all classes of n>frao- 
tories. These may be either gas or diri'ct coal 
fired. For firing larg<‘ bloel^ or brieks rtspiired 
to lie burned to a high tenijierature, kilns built 
as a single unit arc used. Tiie.se are u.sually 
oirciilar in jilaii ; the g.is pa.sses in at the base 
of the kiln and ju'oeeeds uji ^hiough Hues in the 
wall placed synimetneally^it intervals round 
‘ the i>ei iphory. The Hanio strikes tho crown and 
the jiroducts of (!oni bastion are (h'fiected down- 
wards, jiassiiig lu'tween the blocks under lim 
and so out through a flue k'ading from the ba.se 
of the kiln t<i tlu' stack. SometiiiK's a .sojiarabi 
stack IS disf)cn.s(‘d with, a cone lx*ing built over 
the kiln and (he waste gases Ix-ing led by ra<lial 
horizontal fliu's under the kiln and then up 
through flues in the w-alls hswling to the cone. 

In the.so down-draught kilns it is possible to 
maintain a careful legulalioii of the teinpc'ra- 
ture of firing and the distribution of b'ni|)ora- 
ture IS uniform, althougli the kiln is usually 
liofter at the toji than at the bottom, par- 
ticularly in the final stages of the •firing. 
Oreat care must Ix' (‘.xorcised in the suitable 
packing of the kiln, esixjcially if largo blocks 
are being lireil, siiico tho ovenne.ss of the 
tenifxiratuix^ distribution and. tho conseijuent 
freedom from warping depends largely oriftho 
spiKios left for the pas.sage of tho flames and 
also on the manner in which tho blocks are 
supported. Single kilns an; wasteful of fuel 
ami a great economy is ofTected by coujiling 
a number of kilns together, arranging that the 
wa.sto gaiK'S are Iwl through tho chambers 
containing the refractories which are being 
dried and are in the early stages of firing and 
that tho air for combustion is* preheated by 
drawing it through the chamlxjrs which are 
cooling dow'n. Such an arrangement may result 
in the saving of over oO ]ier cent of tho fu?l. 

Several woll-know7i ty]x;s of continuous Ifilas 
are in succoH.sful operation, embodying the 
aliovo principle, but m* general it^ls only 
practicable to use a contmuous system where 
the output is largo and of a uniform typo, such 
as a stock size of firebricks. 


(iii.) Horizontal 'drmtght A'l/n^.—These are 
used oxten.sively for burning firebricks, but 
aiv not very successful if high tciiijKwatures 
are nnimixsl, since it is m^t easy to obtiyii 
umforiDity of Umiixirattm^ and firing condi- 
tions. These kilns consist of rcwtangular 
chanilx'rs with fii-oboxes at one end and tho 
hues to the stack at the other. Largo kilns 
may have fin's at each end, and exit Hues at tho 
cent.'e 'f the kiln. Owing to the short jiatli 
of the flame thest kilns, as single units, are 
wa.steful of fuel -much hi'at passing out 
through tho stack — buf, used in senes to form 
a continuous kiln, this heat may lie i-ocovcred. 

Regenerative kilns am not u.sed very greatly 
in the ndractories industry ; they are, however, 
employed occasionally when» extremely high 
burning t^unperatures aixi reipimxl, as in tho 
l>est grade of magnesite br^ks. 

A type of kiln which is )H*coming popular in 
some branches of tho industry ls tho tunnel 
kiln. 'Plus con.sists of a long tunnel heated to* 
the desir(‘d maximum filing temperature in a 
central zone. 'J'ho ndractories to be fired jiass 
on trolleys slowly down the tunnel and are 
})reheak'd Ix'fore eiitoimg the central firebox 
liy the vask products of combustion which 
pa.s8 do<\u the kiln to niirt (he incoming 
trolley.s. The air for combustion in central 
firebox is prelu'akd, ilenving its heat from 
tho cooling ndractories as tlioy pass on down 
the kiln after travi'rsmg tho central heating 
zmie. It is jiossible in these kims to control 
tho rate of beafiiig with cofisidorable accuracy, 
since it is only ms’es.sary to maintain a steaiiy 
tcni|K>ratnre in tho kiln, when, if it has boon 
well designed, tho correct rak of heating is 
a,Hsured and, in consiMpionce, tho refractories 
may 1 x 3 drawn tlirougb Hie kiln comparatively 
rapidly, there Isung no fi'ar of a s" Idon rise 
of temiHiratum at a stage m liio firing when 
i this might Ix ilangerous. •Tho outjmt of these 
kilns IS very large, hut they have serious 
limit ilions; at prosoiit it has not boon found 
praetn able to attain the highest tomjieraturos 
reijuired, and evim when tins difficulty has biven 
overeorne it will not bo easy to lire a largo 
range of sizi's of articles at the wimo time. 

Tho electric fumacA3 has not yet found any 
approi'iablo aiiplicatiori for firing refractories 
on a commercial scale. 

§ (17) FiruNfi ficHKDULE. —The firing 
schcHlulo of fireclay ndractories may lx divided 
into thiTio stages — the drying or smoking ” 
stj^o, tho decomposition stage, and tho full 
firing If tho blocks have boon given a pro- 
longed perio^i for drying in a warm woll- 
vontilated room, tho first stage (up to about 
1 10'' C.) need occupy not more than twenty -four 
hours — with small articles consirlorably less. If, 
however, there is any reason to doubt the eflS- 
cacy of tho drying, tho smoking stage must be 
carried out with great cautioii. After passing, 
. \ 
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fltty, 200° C. tho rate of heating may be 
increased rit)mowhat until a ternptsrature of 
from 400° to 450° ia reached, thou tho second 
stage of firing tx^dna. Over a range of from 
4W° to 450° tho clay molocuio hi oaks down 
(see § (S)), tho (;hon)i(!ally combined water is 
liberated, and tho organic matter prosorit in 
the clay is oxidised. Tho rate of heating 
is retarded during this stage and should not 
exceed 5° (’. jier hour. Homotirnos tho kiln is 
held at a steady ttunixirature in this Vigion to 
ensure that tho oxidation may 1 x 3 complete to 
tho heart of tho bhuik. 

hrom 700 to 1050° (!. the tomjxiratiire may 
bo increased rapidly. In tho ncughhoiirhood 
of 1100 tho third stage of the firing is 
l)ogun. From this point up to the maximum 
tomjxiraturo of firing vitrification and shrinkage 
occurs, tho fluxes melt and dissolve tho loss 
fusible coiistitueiitl. 

In g(uioral the shrinkage an<l decrease in 
• porosity of clays in firing is roughly proper- 
tional to tho contont of fluxes (da, Mg, K, Na, 
oto.) in tho clay. The texture of tho (day, tho 
grading of the c lay paitu les and of the grog 
play an iiniiortant paid, howcn.'r ; the ratio 
of silica and alumina also inlluouces th(' 
bt haviour of tho (day m firing. The drying 
and firing shnnkag(‘ of (days containing' no 
grog ia of theord'r of l()-15*|xu- cent, roughly, 
half this shrinkage occurring (luring tho dr\ m'g. 
(days loaded with a high pcM-contago of grog— 
exceeding 5(y f»or cimt -- may show no 'ip. 
preciahlo shririkagd if tho grog lx‘ well burnt. 
The amount of the shnnkagi* and tlu’ apjianmt 
porosity (s(X3 § (0)) varies oonsiderahly \>ith the 
rate of drying and firing. 

o HI. Phopkrties 0^ Clay UEFiurTouiEs 

{ 1 S )' 1 1 E F U A ' 'TO H l \ ESS o U S( ) FT i ; M N (l - PO 1 \ T. 
— It will 1x1 seen frou § (I) that it is iiujiossihlo 


^tions. For example, if the refractory be sub- 
jected to a load its squatting temperature under 
the load cannot lie predicteil with any certainty 
from the normal refractoriness, although by an 
examination of the texture and the chemical 
composition, coupled with a knowledge of the 
firing tornjieraturo, we may make an approxi- 
mation. Further, under working conditions, 
refractories are almost always exposed to cor- 
rosion in some form, either to the action of 
slags, glass, etc., e(.rro8ivo vapours, or to dust 
carried by tho fuel. A porous refractory will 
absorb fluxes from one or other of the.se sources, 
and its effective I'efractorinoss will 1 x 3 dejx'nd- 
oiit on the amount and the nature of tho 
fluxes \\hi(di ]x*netrat(i into tho pores. It 
follows that a refractory of o]X'n texture which 
gives a high normal refractoriness in a labora- 
tory test may have a louer refractoriness in 
us(; than a (li‘nHC‘r„hlock which was initially of 
a lower refrat tory standard, but which was 
iion-ahsoi dx'iit. On the other hand, under a 
(dean h(*at, an opcsi texture is a desirable 
attnhute for ndia^'toriness. 

Wo may (li\i(l(‘ (days into several grades for 
<’onveiiienco in ( lassitication : * 

(Jnulo I. IbdnictonncsH greater than Cone 04, ® C. 
Grade II, Refractoriness gr(*ater than Gone 30, ® C. 
Grade 111. Refractoriness greater than Gone 20, ® C. 

Materials softening below Gone 20 cannot lie 
ix'gardcd as ndraitory. Grade I. is for use 
where extreme teiu}X)ratures necessitate tho 
u.se of the highest quality of clay, Grade II. 
whore the working temperatures do not exceed 
ldo()° ( . and it is desirable to sac'nfico rofrac- 
torin("^s for some otlicr property. Grade III. 
is smtahlo for the construction of flues, re- 
generators (at cool end), etc. 

§ (19).— B(dow arc given analyses of typical 
(days together with their normal refractoriness. 


p- 















Sio, 

G,0, 

TIO,. 


GaD. 

MkO 

K,(). 

Na,() 

Goss. 

Refractoriness 
( 'one. 












Gross alincrodo . 
Klingcnlx'rg . . 

China clay 

Halifax ciay . 
Stourbridge clay . 
Derby clay 

Rauxitu! clay . 

IVr 
rent 
73 (IS 
rs) 7(i 
48 31 
()() 30 
a7 4.3 
no 70* 
41 -OO 

IVr 
cent 
ir, 7.5 
20 20 
37 08 
21 10 

.30 18 
37 08 

Per 

cent 

2- 10 

1 01 
nil 

1 10 

1 10 

1 .30 

4 13 

Per 

Cl'llt 

0 02 

1 51 

0 77 

2 50 

1 40 

1 (;8 

1 43 


Per 
( cut 

0 ,3,3 

0 73 

0 .30 

0 .50 

0 08 

0 72 
010 

IVr 

<‘cnt 

0 27 

0 85 

0 02 

0 40 

1 10 

2 ()0 

0 64, 

Per 

cent 

0 10 

0 10 

0 .38 

0 22 

0 84 

0 (;4 

0 32 

Per 
cent 
711 
14 24 
11-84 
1011 

10 .32 

11 07 
14 06 

28 (10.30°) 

30 (1070°) 

3.5 (1770°) 

30 (1670°) 

31 (1090°) 

31 (1090°) 

33-34(1740°) 


to tabulate precisely tin broad pro|)e^^tv of 
refraetoriness in a sati.sfactory iqanner. ^Vhat 
is kni3wn as tho normal ix'fnvotorini'ss ” (i.e. 
the comparison of the Ixdiaviour of a cone cut 
or moulded from tho clay under test with a 
Seger Cone (see § (8)) under a standard rate of 
heating) gives but little indicatiim of the softon- 
ing-jxiint of a n^fractory under w'orkiug 
f 


Attempts to derive a formula from which 
tho ndractoriness can be calculated from the 
elio^nical composition have not Wn very 
succos.sfiif. The higher tho silica content of 
tho claj^tho less tho‘ refractoriness and the loss 
the amount of fluxes which the clay will bear 
without undue loss of ndraotoriness. The 
diagram (Fiff, 1) shows tho liquidus of the 


con- 
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SiOj-AljOj system. It will be seen that | 
within the range of common clays the refrac- | 
toriness decreases steadily with the addition of j 
silica to the clay, reaching a eutectic point at j 
a comjioaition corresponding to a formula ! 
AlgOa nSiOj (the softening- point <>1 the euU'ctic | 
mixture is Cone (ITiSO' ). The addition of j 
fluxes, while lowering the softening - point, i 
dLsplacos the eutectic towards the alumina end. | 
(Lithia apjX'ars to lx« an exception, the euU'ctic | 
moving to the left.) It was formerly assumed ■ 
that luolecularly equivalent amountH of fluxes 



lowered the .softening-points of clays an equal 1 
degree (Kichter’.s Law), 'lius is approximately ; 
true where tho lluxcs an' [>resent iii small ^ 
amounts only — not much exceiiding the , 
quantities found in natural clays (1). It is 
found, however, (2) that molecular equivalents j 
of lluxcs of low m(»lecular N^mghts depn'.ss the 
8oftenirig-}H)int further than do tho.se ?)f high 
molecular weiglit. 

Tho following diagram (Ludwdg) {Vig. 2) 
affords a UfX*ful scale of comparison of the 
refractoriness of different clays. i 

Tho effect of the addition of various fliixcs, I 
titaiiia (4), lime (9), (10). magne.sia (11), | 
iron oxide (T)), and the alkalis (6), (7), (8), etc., | 
has been studied in detail by various workers, j 

From the above considerations it is .seen that 
the mony alumina a clay contains, the higher 
the jiercentage of fluxes the clav can hold for 
any given standard of refractoriness. It is 
impracticable, however, to add alumina to 
clays on an industrial scale to itn prove the re- 
fractoriness, since tlu'ro is a scan'ity of sources 
of alumina free from fluxes (notably iron). 
There are a variety of sources of liigh-grtide 
silica, almost free from fluxes, ami 
thereforts that it is somet^es advantageous to 
add silica to clays which contain a higl^fiercent- 
age of fluxes, since tho effect of the addition of 
silica, tho lowering of the softening-point by 
tho increase of the silica-aluraina^ratio, is more 


than counterbalanoed by tho dqpreaae in tne 
Uital content of fluxes in the mixture produced 
by the dilution with a pure material. 

If, liuwever, the mfrach^y i.s for use under 
W(»rking eonditions when' it will eoine into 
cemhiet with an exet'ss t)f fluxes, then tho 
addition of silica is ath*ndant with risks, siiu'o 
a high jx ivc'tagi' of silica m ciJiijuiuiion with 
a high flux conU nt is vi'ry detrimental. 

(2(f‘ ScITKM'O POl.VT UNDKll Lo\I).— TllO 
soffeiuiig - point of all clay n'fractoriea falls 
rapidly if U -led umicr an mcivasing load. It 
IS generally (diserved that clays high in silica 
will stand tho l«»ad Ix'tter than those high in 
aluniina. 

The pn^si'nce of fluxes exerts a jiowerful 
influence on the load- tarrying eapacity, tho 
effect varying with tin* alumina - silica ratio 
in the elay. iilciningcr ^nd Jfrown * testing 
samples «>f eomrneicial Ameiican bricks and 
clays at l.'UML ('. undci lo lbs. |K'r sip inch, and 
at l.‘fr>0'(\ under lbs. ))cr s([. inch, foiimf 
that none of tlie clays t<>sfed would jiass these 
tests if file llu.xes exceeded (122 molecule to 
1 mol. alumina when the alurnina-silica ratio 
was l/d, oi 0 17 mol. of fluxes with an aliimina- 
Kibca lalio of 1/4 4. Although the total flux 
eontent of a clay may give an indication as to 
its load-carrying rapacitv. the dislrymfion of 



Fig. 2. 

Jtn 1 1 pn‘.s<‘iiH the bunic oxides, NdjO, K, 0 , CaO, etc. 


the fluxes and the amount of mfusihie niat<*rial 
they have taken into solution during the firing 
jilay an important jiart. For exam file, many 
(lays liigh in iron may give high softening- 
points under load if the iron is not widely 
segregatiMl but found in nodules in the clay. 

Mellor has establj^hi'd that in tho case of 
firf'clays the relation betweeq the load and tho 
squatting temiierature Is satisfied^by the em- 
pirical equation R-Cc where R is tho 
refraetorinoHs under a load W (lbs. fier sq. inch), 
C Ix'ing the q^ormal n'fractorinoss and K a con- 
stant characteristic of ear'h clay. Carrying out 
tests on a scries of typical clays under similar 
conditions as regards prejiaration of specimens, 
rate of heating, and so on, he assigned values 
to K from O-Ol 10 to 0 (Xt30. 

* Tech. Paper, Bureau of Standards, U.S A., No. 7. 
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Ah might *1)0 oxpetted, the softening-point 
under load is greatly affoct(‘d by the quantity 
and grading of the grog and also by the firing 
temfMjraturo, the latUir kdng ])artieularly im- 
portant in the ease of aluminous refractories. 
'I’ho failum of many aluminous clays under 
load IS duo to th(> fac t that they have Ixien 
underlired and it is quite jiussiblo to make 
aluminous refiaetoiies >»hieh will give excellent 
service under load if a sufiicioritly high firing 
temperatures Is; attained. 

VV4th so many variables afTceting the be- 
haviour of clays under load it is impossible in 
the space available to give even a summary of 
the (lata eoi i-elating the softening- point under 
varying loads with the alumma-siliea ratio, 
amount and eompo.sition of fluxes, texture, 
grog (;onk;nt, and firing ternjK'raturo. To give 
an ('xarnple of th(r behaviour under load in 
relation to variations in com position, etc., ive 
^may cite these clays examineci by Mellor.’ 


8i0, . . 

(I) 

5:184 

(2) 

51 24 

(■5) 

01 88 

Al.O, . . 

25 -7:1 

28 Of) 

22 ;i7 

5'i(), . . 

1 :i2 

1 :io 

1 14 

FcjO, 

5 2.5 

1 Si) 

:i (M) 

MgO 

0 8:i 

0 :i3 

0 44 

CaO 

0 44 

0 40 

0 .32 

KjO. . . 

1 48 

5 20 

0 12 

Na,0 . . 

0 27 

0 24 

0 .30 

Loss on ignilKiti 

11 01 

15 74 

8 72 


Tlu'se clays^vere made up with their own grog 
(firc'd to (’one 10, T<'mp- 1300'’ (I.). The test 
piece's were fired t<» Tone lO. 1 ho tabh; liolow 
gives the I'efractorine.ss under load of .50 Ibf. 
|)er H(p inch for th<' various grog mixtuixis 
tog('ther with the normal refractoriness, i.e. 
that under no load. , 


C 

V 

Itofr.u torluoss under lo,ad of 

V 

50 ll)s, per sq in 


(I) 

(-’) 

(3) 

A. 1 part clay, 1 part fine grog 

1,3. 11 

10-11 

8 

11. 1 „ 1 „ inrduun „ 

1,3 -14 ■ 

1,3-14 

‘ 9-10 

C. 1 „ „ 1 „ coarse „ 

1.3-14 

8 

10-11 

„ 2 „ line 

14 15 

12 

11 

F. :i .. 2 „ medium 

14-15 

10 

10 

V. 3 , 2 „ coarse „ 

13 

10 

11 

(i 2 .. „ 1 „ fine 

13 

9 

1,3-14 

H. 2 1 „ imalium „ 

13-14 

8 

13-14 

1 .. 1 ,, 

13 

» 

1.3 

Normal refiivetoriness . 

20-20 

31 

20-27 ^ 

** 

( 1.5.50'’ (’) 

(1090'’C) 

(1.530‘’.1G10°C) 


It w ill lx; nokd that No. 2, tW most refrac- 
tory under no load, is inferior to No. 1 under 
load. Fired to Cone 1.5 10 instead of to Cone 
10, however. No. 2 ((1 mixing) softened at 
Cone 14- 1.5 under load. 

* Mcllor and Emery, Trans, Cer. Soc. xv. 117, 
xvll. 300, 308. u 

/ 


§ (21) Ceushino Stkength.— The crushing 
strength of refractory materials is governed 
largely by the texture and conditions of firing. 
The strength of the average firebrick in the 
cold vanes from 2000 to 0000 lbs. por sq. inch,* 
and in exceptional cases may exceed 10,000 
Ib.s. Silica bricks have a crushing strength 
slightly lower than firebricks. Sjxscificatiijiis 
for the strength of firebricks are usually low ; 
thus, the Institute of Gas Engineers specify a 
maximum of LStM) lbs. per sq. inch and the 
Bureau uf Standards, U.S.A., 8]iecify 1000 lbs. 
per sq. mch as the minimum for their first- 
quality brick. A high crushing strength is 
usually associated with a low refractoriness, 
since it denotes the [iresence of a vitrified bond 
and indicates that the clay vitrified at the 
temperature at which it was fired, which is 
comparatively low.* 

In general a higii crushing stningtli in the 
cold is not imjiorlant, tho failure of the 
refractory usually occurring at high torapera- 
tures. 

Expo.siiro to weather reduces the strength of 
ridractories grcatl>i> It has Ixien stated that ^ 
five days’ oxposurt' to ram (without frost) may 
reduce tho strength of jiorous firebricks to 
four-fifths of its original value, while one night’s 
frost on a w'et brick may reduce its strength 
by tlm;o-qiiarters. These figures are (;xeop- 
tioually high. An average fin;hrick after six 
months’ oxpo.sure may lose anything from 1 to 
25 per cent of its strength. With silica hrieks 
the disintegration on wi'atliering is rather 
more severe. Generally 8]K?aking, the more 
porous the refractory, tho more severe will bo 
the effect of weathering. Very dense bricks 
may suffer little or no harm on exjiosuro. 

§ (22) Sthknoth of 
Unfiukd Olay. — The 
strength of dried, unfired 
clay bodies is of interest, 
since it is a comparative 
measure of the plasticity 
of tho clay and affords an 
indication of the liability 
hi fracture in handling 
before firing. The tensile 
strength, crushing 
strength, and modulus of 
rupture are generally de- 
termined. Of the throe 
the modulus of rupture 
appears to give the most 
concordant results.* This 
test is usually carried 
about 1' X 1' X 7" and 
from tho formula 


ouf on briquettes 
the' modplus calculated 


* Tested on the flat tested on edge or on end the 
strength fill be about 30 per rent lower, 

* For any particular clay with a fixed percentage 
by weight of grog, the strength will be proportional 
to the surface factor of the grog, 

* Blclnlugcrand Howat, Trans. 4m. Cer. Soc. xv1. 273. 
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M = 3t//2W, whore F is the force applied 
(11)8.), I the dj.stanoe lietwecn the support.^, 
b and d the width and dejith of the bar. 
Great care in necessary in the dr\nni? of 
the 8iK‘(imen8, since, with the jila.stic clays, 
the drying' shrinka^'e - cracks, Mhich an* 
always formed to some extent, lead to un- 
reliable ri'sults. For maknifi comparatuc ts'sts 
on difh'rent clays, the practice of rni.xin^ 
tile clay.s with an ei[nal wci^dit of uniformly 
graded sand is sometimes jidopted. I'liis 
ri^moves the dangi'r of errors through drvmg 
cracks in the moni jilastic clays. With 
exooaaively jdastic days, the sand imxtim* 
gives a modulus of ruptun' considerably higluT 
(u]) to lOd [K'r cent) than the clay without 
dilution, even with careful drying, 

The modulus of rupture of plastic chivs 
varies Indwc'cii 2r,() and I(HK) lbs. ]w>r sip mdi. 
With less plastic clays the •modulus mav fall 
to as low as 100, china cl.ivs lying lM*tween .'>() 
and loO. Th(* t-ensile .strength of pl.istie days 
rangi's from 20 to KK) lbs. per .sip mdi. 'liic 
stri'iigtli of d.ays in loiupriwsiou \ari(‘s from 
^200 to 12(Kdhs. per isip ludi^, these valui's aie 
for (‘.vrefully dried days containing no grog 
I he stri'iigtli may hi* nn rcased hy manv times 
its former value hy iiiu' grinding In-fore 
hri(|iiettirig. 

\\ itli the addition of grog, the strength 
varies with the gr.idmg of the grog, being 
roughly inversely projiortioiial to the porosity. 
tSintahle giadmg of grog may ini n-.i-se the 
stri'iigtli uji to 100 j)er ci'iit of the ungraded 
mixture. 

§(23) \’AlinTION OF tSTKENOTII WITH TkM- 
i’F.RATi ui:. — With an increa.se in tem|)<-rature 
the strength of siliceous ainl aluminous refiae- 
tories falls .steadily until it ri'aches a^wx-ll- 
dofiried minimum^ m the iieiglihourhood of 
800^0. (in some cases it may U; as low as 
0(K)‘^ or as high as 1000' G.). 'I'he tem|iera- 
ture at w Inch tlirs mnnmurn occurs do(‘.s not 
vary consideiahly with the temperature to 
which the refractorv has been originallv firi^l. 
Wdth an increase m b'lnperaiim- the strength 
increa.so.s raiudly, n-adimg a ma.\imum usually 
from 100^ to 200'^ (\ above the temperature at 
W'hich the minimum occurnsl. On further 
increasing '*the tern|)erature there i.s a rapid 
falling off in the strength, and we approach the 
sofkning- point of the refractory under load 
(sec § (20)). 

The cause of the ])henomenon i?i obscure ; it 
has been noted in clay.s and also in conindum, 
fused silica, and carlMirundum. This dis- 
continuity of mechanical jiroperties just l^elcj^v 
the soft(-ning- point lias a curious •parallel 
in the di.scontinuity in the coeffirient of 
e.xpansioii of glass just lielow its “ softening- 
point.” 

The strength of a refra<‘tory at this maximum 
‘ Boilin, Tram. Cer. Soc. xxi.^4. 


may l)c many times the strength df the refrac- 
tory when cold. In Figs, .3 and 4 an* given 



two typii-al f-trength temjx-iatun* curves taken 
from Hoditi 


KcjCm? 



L , _ / , 

O 4OO~»00 1200 1000 

Dt ijrvci C. 

J'lO. 4. 


j § (2f) CorrriciFNT or Fxpin.siov.-^-TIic co- 
I efficient of expansion of hatd-hred day bodies 
i is governed by the (.heniical composition of tlie 
; day. 'I'hu , silica imparts a low coefficient 
. of expansion to a clay (when hard -fired), 
alumina a high. The^Umijierature-expansion 
curves are approximately linear uj) to KXKt' (’. 
The mean coefficients of expan.sion*(0"-l(K){)‘' 
C.) lie between 2 8x10'® and 4 .'5 10'®. 
Clays or mixtures xvhidi have not lieen very 
hard fired, not*excc<‘ding, say, Cone 14 (1410° 
(\), exhibit di.seontinuities in expansion over 
certain tcmjKTature ranges, the expansion 
depending not only on the ultimate composi- 
tion of the day, hut on the heat treatment 
which it has received. The effect of heat 
treatment on the coeflveiont ^f expansion of 
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n'fraclorios# has Wn examinod hy lloulds- 
wortli and Cobb.' 

In kaolin or a hij^bly aluminous clay or shale 
tl.o expansion of specimens fired to Cone 00 
(OHO’C.) IS almost uniform from 0" to 1000”, the 
mean eoenicient iMiing 4 0 x 10"®. 'Phis indi- 
(!ato8 that if we aeeejit the theory that kaolin 
decomposes in the niM^'hlxmrhood of 500° 
forminj4 free alumina and silica,® the latter 
must be in an amorphous state, sinre there Is 
no indication of an increase m the expansion 
between 500° ami 000° due to the presence of 
quart/, or at a lower teirifiiTatiiro duo to the 
a li transformation of cristrdialite or tridymite 
(see § (.'10)). If the sjiceimen is now tired to 
Cone 9 (lllHO ) a small fraction of the silica 
appi'ai-s to be eonverti'd to cristobaliti', and we 
find a slight incnsise m the expansion between 
150° and 2.‘»0°, tl^i; moan coefficient Uitween 
100° and 250 ‘ Ixmi^ 7 04x10'®, With an 
increase m the tirin<j; teiiijKirature to Cone 14 
(1410 ), the silica ajipcars to ^o paii.ly into 
solid solution and the discontmuity in the 
expansion from 1.50° to 2.50° tends to disappear, 
the UK'aii coidficieiit betwwn 100’ and 250’ 
falling' to 5 7H and between 1.5° and 1000° to 
4-77. Witli j\, Infill firiiiLf tem|x*ra^ure, Cone 
20 (15110° ('.), ail traces of silica mvensions 
disai)p«ar — the temperature -expansion curve 
lying near to the curve for the kaolin fired to 
Cone 0(1. If amorphous precipitated silu'a is 
Ultimately n^^xed with the kaolin, the expansion 
of the kaolin is iiiyif[e(‘t<‘d, although the suii’a 
alone would have become, ufttler similar heat 
treatment, partially converted to cristobaldKs 
and the abnormal expansion (a fi cnstobahti' 
inversion) would havt' been found between 1.50° 
and 25(C. 4'lu.s evidence support^ the theory 
of the formation of® free siluia on the d(»coiu- 
po.sitivn of the clayite molceule, since it shows 
that free siluV may remain apparently in solid 
solution w itliout transformation to a crystalline 
form which can bo recognised by its physical 
j)ro]H^rties, 

The tcmpi'rature ■ expansion curves of 
alumina arci similar to those of kaolin, the 
numerical value of the coefficient being higher, 
however, in the ea.so of alumina, as would bo 
ex|X'eted. 

Most finu-lays contain free quartz, and w^o 
find, aeconlingly, that the expansion curves 
show ovidenco of the a )»' quartz transformation 
between 500° ilnd (HK)° on firing to Cone 00. 
In fireclays fired to ( Vme 9, a part of the quartz 
is converted to cristobalitc, and wo have, 
therefore, an increased expansion froim 150" to 
250° in addition to the a ^ q;iartz inversion. 
If the firing temperatun' is raised to Cone 14, 
the expansions due tc- the inversions of silica 


* Mollor null UoUIcroft, Clay ami Pottery Industrxeit, 
1 272 et iteq. 

* Houldsw’orth and Cobb, Jour. Soc, Glass Tech. 

lib 201, V. 18 ‘ 


are diminished, since the crystalline silica will 
be partially taken into solution by the fluxes 
which have fused at this firing temjxirature. 
At Cone 20 all the crystalline silica will have 
lieon dissolved, aiid wo shall obtain a smooth 
curve similar to the curves for kaolin fired to 



(5me ()(> and Copm 20. Fiff. 5 shows typical 
curves illiiHtrating those phenomena for a fire-* 
clay of the following eonqio.^^itum : 


boss oil ignition . 

. . [) .56 

Silua 

. . 0.5 -48 

Alumina 

, 22 39 

i’ltama .... 

. . IJO 

Feme ovule . 

. . 1 33 

Lime (( ’iiO) . 

. 0 70 

Mnpiu'Ma, 

. . 0 .52 

Soda (N.uO) . . 

. 0 88 

Potash (K4)) 

. . 0 65 


The following t.iblo givi's the eoefficionts of 
expansion ( \ 10 ®) of specimens fired to Cone 
00, 14, 20 res])eeliv(dy. 


'IVmp. 

I'iring Temperature, 


Range. 

Cone ()(> 

Cone 0 

Cone 14 

Cone 20. 

f 

(080° C ) 

(12S’C ) 

(1410°C.) 

( 1.530'’ C ) 

lOO”. 25(r 


10 2.1 

8 75 


500° 

4 81 

7 69 

6 76 


50fr- 6<K)° 

13 31 

12-75 

10 75 


600". imc 

2 17 

1 83 

2 50 



4 91 

5 83 


3 05 


In a finely divided plastic clay, such as a 
ball clay, or in a clay rich in fluxes, a smooth 
curve 13 ohtwinod with a lower firing tempera- 
ture (say, Cone 14), since the complete solution 
of the crystalline phases is more readily 
Obtained. 

^ An interesting phenomenon is associaterl with 
the a ^ quartz transformation. It is found 
that”, in both silTea and siliceous clays the 
heating anid cooling curves do not coincide, the 
contraction on cooling from 600" to 500° being 
greater in every ca.se. In this range the co- 
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efficient of contraction may bo anything; frt>m 
20 to 40 per cent greater than the coefficient 
of exi>an«ion. 

An increase in porosity decreases the co- 
efficient of expansion appreoiahly. flouliLs- 
worth and Cobh give the following example. 
The porosity was iiurt'osed liy mixing rajic 
seed with tlie raw clay, which Avas then imnl 
t<) Cone 9, 


Boresitv. 

leelllcient of KxjaiiHion 
(I.'.'-IUOO > 

Per rent. 


28 7 

5 8.5 10-'' 

44-() 

1 5 17 10 

1 

5(1 2 

1 

1 4 01 • lO-e 


• 


A fuitlicr mcix-asc m porosity made no 
appreciable ilillenitiee. 

§ (2r») I’ouosiTV (see § (9)V - Tin* poiosityof 

fireel.iy is governed by tla* lefrai tormess of 
the Jay, tlie pc'reentage and grading ol the 
grog, th(‘ firing k'm|H‘ratim', and (particularly 
in tin* ease of dense burning clays) the rab* 
of lieatiug. A iin'Jay fix'c from grog will 
have a porosity when liglitly linsl to, sav, 
050'" C. of from 20 to [{o [ler cent. 1'he porosity 
of kaolin fired to this tmiifH'rature will Im* 
from tr» to 55 p<'r cent. The jiorosity decrea-ses 
with a ri«e in temjKTature as flu* fluxes melt 
until the ajipareiit porosity (§ (!))) ajiproaehes 
zero. 1'he ad<liti<m of grog to a highly plastu 
clay may decrease the jiorosity in a lightly fin'd 
block, since the grog inhihiis the shrinkage 
cracks whieli occur in dr>ing giving rise to an 
increase in porosity. In general, however, 
the jiorosity t)f a clay Inidy fin'd to <>ff0'' will lie 
incrca.sc<l hy about 5 jKT cent by the addition 
of the maximum amount of grog which the 
clay wull hohl without Ix'comiug too “ short ” 
to work w'lth (from 20 to .50 jK'r cent grog). tAs 
the firing temjierature inere.ases, the effect of 
the grog Ix'eoines nion* pronounced ; thus, the 
addition of, say, 40 per cent of grog may 
increase the jM)rosity of a clay from 14 to 20 
per cent,4roin 10 to 24 ix'r cent, from 8 to 22 
per cent, from 5 to 20 ]ier cent. With a liigh 
grog content the rabi of heating diH's not 
greatly affect the p«wosity, but where the 
difference Iietwoen the tnie find apf>arent 
|K>rosity (§ (9)) is large the rate of heating may 
have an appreciable effect. 

The porosity of fireclay briiks or bli^s 
varies from 8 to 30 per cent. On aivaverage, 
the porosity lies between ^18 jier cent and 24 
per cent. The higher the porosity th^Veaker 
the block is mechanically, but the more resist- 
ant to change of temjK'rature and the more 
eiastio. A porous block is, as a rule, more 


susceptible bi corrosion, possesses ajow thermal 
conduitivity, and is more refradory in the 
ab'^encf <»f fluxing agents--' sucli as flue dust ot 
slag. I’mIcss made for 8omf> sjx'cial purjsuM) 
th(' )K)rosity sliould nof. t'xeeed 25 fHT cent, 
and wlure exposyd to a slagging action should 
n< t oxetHid 18 {KW cx'ut. It is im|)ortant to 
note that lapid heating of clay bodu's of low 
grog roi.ft't't and norosity give iiw to strain 
and nu'cVanical (li.s'Mt(>gration, and m consi'- 
quenee flu- pf (K'lfi. s associabd with a liigh or 
low p<)r<*mtv o.if liiu'd abi)\(' aix', in many l asi'S, 
n'vi'rs('<l Fur ('xample, it is found that rods 
us«'d for stir ring .slags, or glass, or fixtiighs 
throngli whu h a slag flows, will, in cases wlu'i'e, 
fur jiractical con«id('ra1ioii. if is foiiml necessary 
to laise the ienijM'iafun' of the ro<l or trough 
faster than a certain crilicnl rate, stand the 
corrosion and ineJiauieal sl^ock lad ter when a 
luLdily porous (though hard fired) body is iiW'd. 

(2b) Si’KciFir (luwiTY. 'flic specific 
gravity of raw < lays lies bctwci'U 24 and 2 0. 
Oil heating, the sjK'cific gravity iisi's b^ a maxi- 
mum and tlu'U falls, 'fins maximum (*ceurs at 
the point where viti ifii at ion of tlu' clay la'giiis ; 
the spe< itie gravity is therefore a valuable 
guide to till' eli.inges oeeiiiriiig ,(*u firing. In 
llu' I'.vammatioii of a Jay the sjH'eiflc gravity- 
b'luperalure eiirve is in .some wa.ys yuifo satis- 
faefory as an mdieation of tlie proglX'8.s of 
Mtrilieafiou than the porosity-(<'m|K'iatum 
eujve, since in the former ease iue rate of 
heafiug of the H|K'Cimen does not cause such 
variafKuis m ftie slope of the curv«'. The 
iigvximum sfiocific gravity varies from 2 75 to 
2 48 as the ahiruma conb-nt dimimslies. lii a 
wi'Il-smb'n d <*la.v tlu^ s))C‘cifie gravity may fall, 
on an aveiage, () 15, and with a hard firing 0 20 
or more. * « 

§ (27) SpRcrnc Hf-at. — Tlu* sjieeif lieat of 
firebru ks is approxim.ifely 0 2v) ('.O.R. unit 
fiorn (I to IIMI C'., Init n.'^-s rapidly with tem- 
perafun\ Hra<lshavv and Fmery give a value 
for I lie mean sjKa'ifie heat of fireclays of 
•194 t <MM)07.5f'’. The following table gives 
valiKw obtained by Bradshaw and Kniery,’ and 
Ileyn, Bauer, an<l Wetzel. ^ 

Mean s|K'eifie lieat, 20 ' ('. 


Temiwi iture. 

Sp. lit B. A K 

Sp ht. 11., 

B A W. 

r- 2(KB 

• 

■204 

400“ 

228 

222 

fiCK)“ 


• m 



•248 

BKXB 

•20.5 

•250 


•284 

203 

1400“ 

207 

:: 


> Bradshaw and Emery, Tran* Or. Soc. xlx. 
84. 

* Heyn, Bauer, and Wetzel, Milifil. a, d. K6mgl. 
Materi^prufungsarnt, Berlin, Llchterfeldc, BU4, 39, 
I 89. . • 
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roNuijf’TrvrTY (Thermal) ^ 


Firrrlai/ linck ^ — 

or/;;, SiO, AI.O, / Ijumt at I 

4% F<'j(), . (; CiiO I KfiOM'. I 

Ditto . (I)uirit at l.'itwr (’ ) 
00'*', SiO, • ,', 1 '*'^ AljO, ( burnt at \ 
1% Fi-,0, J'\, Aik MOT'CJ 

SiO, • -ir;, ai,o, ) 

Ke.Oj 1 r.f';, Aik / 


Temperature 

K - 10‘ 

CM 8. Units. 

1 

1 

1 299-1160 

0 

i 239.1()(K) 

42 0 

i COO 

30 5 

e 19(X) 

40 5 

100 

16 9 

|(MH) 

33 9 


Authority. 

WologcJinc, 

Dougill, llodsrnan, and Cobb, 1915. 
Hoyd Dudley, 1915, 


§(28) Mi,k(’tiu('ai. Ri:HrsTAN(’K“ 


Teiiipcr.itiire 


Ohms pel si| 
l»er ( III (hl<l 

(KM)’ . 


. 21090 

7(M)'’ . 


. 17(MI9 

S(MP 

c. 

. 1.9900 

990'’ 


. 9909 

KMM)’ . 


. 6690 

1199’ 


. 4199 

1299’ 


. 2.999 

1.999’ 


. 1399 

MOO' 


. 699 

15(M)’ . 


. 289 

I5.A(P . 


69 

* 

KEnaiENciis 

V 

1 Crwnw'r, Tn 

•> .. i.' 

niiiilitAnr /Ay , 

1896, pp. 693, 


2. Kleke, .S'/)rer//saa/, i:{. pp ItlS-^OO, III t-:{|7, 

2911 : Flach, -S'pnv 41, p. 171 < t sn/ 

9. Uieki', Sftnr/iMiitl, I'.UKS, No. 9(1. 

4. Kies, "The Ckivs .and Clav Indii.sfrv of Now 
/' "v* l’" Survcif oj A'e/e Jersey, 

5 Crainei, Toi .iid ’/Ay , IK'W, ^(»s. 40 and 11. 

0. /oelliK t. S\n, .11, p 

7. Smionis, .S/») , ipoT, 2'» aiul 90 *" 

8. llleke, Syr . I 'lOH, .No 111 

9. ('lamer. I'oiihul /Ay, |K,s7. p 197. 

10. Uieke, Sjir , lOOC., Nos .17 and 98 

11. Kieke, Syr , 1!I07 No 17. t 


u 

IV. 8ili('i;(^)i s Kiifkactoiuiis 

§ (20). -Uiulor this hoadini; meiuile all 
niati^rial.s eontatmng inon> than OD (ler <‘ent of 
SiOj. Altliougli tlu> iioriual n'fractoriiu'Hs of 
8iIu'('o(ia rofractone.‘< doo8 not o.xerod that of 
Crad<' T. lireclay.'^, nevertholoss .silua is us('d 
largely iti all mduHtnal o|a‘ratioMs Mhere the 
teinjHTatureH execed those at which lindiriek.s 
liegin to sofh'ii uiuh'r working eomhlions. A 
silica brick is composed of a crystalHno .silica 
sktdeton which has a ^comparatively .sharp 
melting-point avnl, tliendore, xvill withstand 
working temiKwatiires near to its normal 
softening- point. 

§ (OO) Piioi'HRTiEs OK Pure SiucA.-fSilica 
(SiOjj) can c.xist cither a.s amorphous 
material or in a niimlx'r of cry.stalline forma: 
a and (i (iiiartz, a, /aj.tridynnte, and a and ti 
cristohahU'. a quartz b the stable phase at 


I '‘l^^*1^*^'<'"‘bicttvlfvof.’'§(4),TableT 

Staiwtlold, Maeleod, and McMahon, Trang. At 
LUctrochftn. Sioc., ^012, \.\il. 89. 


low Umijicratures up to 57.V C., whmv inversion 
to (i (jnartz occurs, j-i fpiariz i.s .stable Indween 
rnr*’ ami HTIPC. Prom 87(P C. to 1470'^ (J. 
/■i tridymite is the stable phase, and above 
147(1 cristohahti'. 'I'lic melting - point of 
ciistobahte is I71(P ('.^ and that of tridymito 
I (>70''’. Pilch of thV^ three fonns, how’ever, may 
exist over a large range of tempenitiiies. Jt is 
char.icOu-istK! of silica that the inversions 
<|uart/ cri.stohaliU'opiartz tridymite, and 
cristobaliU' tiidymite iire extremely slow, as 
IS also the rats^ oj^ crystallisation of tin* amor-* 
phous material. We lind, th(>refore, that the 
meta.stable iiha.ses m,iy persist for iridelinite 
j)erio(Ls at tciiijuTatures far removed fiom 
their ranges of stability. We may thus lind 
amorphous silica, quartz, tridymitei and cristo- 
hahte all together in a block which h.as been 
k(*pt at one temperalure for years. The in- 
vensiotiH a ({uartz, a ' j■i^^ Indymite, 

a ^ j ji cristo halite take ]»lace rapidly, and wo 
thus Imd in silica the cuiiou.s anomaly that 
the lapiil inversion of one nKd.istahh' phase' 
to another may be rejx'ah'd backwards and 
forwards without tiu' appearance of the 
crystqllim' {iliaso which is .stable at that tem- 
jMuature.* 

iho temp'niturt's of the rapid inv(>rsions 
aixi ; 


a Pi I ridyrmte . . . 117“(!. 

j Tridyinito . . , pj.r (', 

a^/:^ (^imrl/. .... 57.V (A 
a' -,li ('ri.s(ob(ili((‘ . . . 290 .2700 ('. 

(dt'jK'uding on (lie jirevious history of silica). 


If cither quartz or amorphous silica i.s heated 
to, say, 14(K)" ('., cristohalito is at fiat formed, 
and it is only after very jirolonged heating 
that inversion to tridymite -the stable phase 
at that temjieraturc— occurs. In the presence 
of a suitable liux, however, the inversions take 
place rapidly. Amorphous silica i.s .serWeeahle 
for use as a refractory at temperatures iij) to 
lO’M)'' (A for prolonged periixls without erys- 
talhsatiojii (in the absence of flu.xes). But 


’ Ferenaon and Menvln, ‘‘ 
Oristobjllitc and Tridvinltc.” 
1918, vof. xlvi 


The MeltlnR Points and 
Amer Jour. Sn , Aug. 


‘bused aihen tends to devltrify If he.ated and 
eooled a number of times through the inversion 
points a ‘-cti )3 crlstobalite. 
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crystallisation proceeds at 1200'^ C. Owing to 
its exceptionally high thermal endurance (duo 
to its low cot'fiicient of expansion) amorphous 
silica vessels are of groat use in the laboratory. 
Tubes of this material can bo plunged while 
rod-hot into water without fear of fracture. 
Unfortunately the high cost of manufaeturo 
of fused silica ware limits its uses for industrial 
purposes. 

§ (31) Specific (Jravity. — T he sjx'ciric 
gravity of a quartz is 2 - 000 , that of a trkiymitc 
and a cristobalito bt'ing 2 270 and 2-333 respect- 
ively. The specific gravity of fused amor- 
phous silica IS 2 21. Tlieie is, therefore, a 
considerable volume change accompanying 
the invi-rsion of quartz to enstobahte ortridy- 
mite ; this amounts to about 10 |X‘r ci-iit 
(volume). The elianges in linear dimensions 
associated with the inversions of the a and /3 
forms of the crystalline phases ari^ as follows; 

a trjj ^ Cristohalito (220'’-270'’ C ) . 1 p-r cent, 
a /y Tndynute (117'^ (' ) . . OlOjMrcmt. 

a ^ Quartz (.'575° C ) . . 0 45 per cent 

§ (32) Tdkntification.— T he various erys- 
#.allino coustTtuents may Ix' identified in a 
mixture by the microscopical exrnnnation of 
the optical jinqx'rties of the pf)wdcred material. 
The most convenient jirocedim' is to immerse 
tho powder in a liqukl of standard refract- 
ive index and to determine tho refractive 
index of tho jiowder by tho Bocke lim* 
method.^ 

The optical constants are as follows; 

Fused Hilicu - r(«fractive index 1 4.58.5. 

Quartz: n-fractive index u I 514, ( 1-5.53, 

double rcfr.aeiion -(Mil). 

Tndyniile : refractive index a and ft 1 469, y 1-173, 
double refraction -(Mid. 

Cristobalite , n fraotive ind(‘x 1 480, 
double refraction 003. 

By choosing a liquid of refractive index 
1-4S0, the tndymito and enstobahte can lie 
distinguished (potassium mercuric iodide ,is 
suitable, 'flic solution is unstable and requires 
to 1 x 1 kept stiqqK’red and checke<l nqxiaU-dly.) 
In the hands of a skilled worker the quantities 
of the various constituents can lx- estimated 
under the |[iieroscope to within 1 jior cent. 

§ (33) (^Coefficient of Expansion. — T he co- 
efficient of amorphous silica is 


O’-.'IO'’ , . 

. . -42 

30^100“* . 

. . .*>3 

lOO'-WK)® . 

. . -58 

600"- 900“ . 

. . -50 

900"- 1100“ 

. 80 


Fig. (i gives tho expansions of tho*quartz, 
tridymite, and eristobalitoF The mea\ji co- 

* Described In text -books on Petrolngjy, r.g. 
Johannaen’a Manual i>f PeiroQraphir Methods. See 
“ Immersion Refractometry,” VoL IV. 


efficients of expansion from 16° llKKE are 
approximately 

QiiarU .... 13-5x10"* 
IVidynute . . * 9 2 x 10"® • 

iVistobalite . . . . 15 3x11) * 



Dvqrccs C 

FlO. 6. 


§(34) Si’l-.CIFIC II EATS.- 



Xinorijhoiis 

Qii.irt/ 

Ci istobalito 

O -I(M) • 

■1845 

1869 * 

1883 

0’-3fM)“ 

■2124 

2J6H 

2.3.34 

0^.5<M^“ 

2.302 

2.380 

* f420 

0-.5.50“ 


24.39 


O’.OOO" 

. 

2.500 


4r.7<K)’ 

2422 

2.543 

2.509 

0 -iKHr 

2511 1 

;!.596 1 

■2.569 

O'-IKMI' 


2641 

■2625 

0 

i 


■2662 

•o’-lKM)' 

•• 1 


•2680 

§ (36) iSii.K'v Biucks 

- ( 'onimeici.'il siIk 


brick.s (onla'iii frohi 90 to ^7 jm'v ci-nt SiO^, IIk-, 
average good-ipiality brick containing 96 to 97 
(XT cent. 1’he silic(M)iis rocks wdcchid for 
maiiufa<-tim‘, (piaitzik's, fAndstone, millKtoiie 
grits, ganisO-r, an' comjiosed of 96 to 99 )H‘r 
cent <piartz, tog<‘tIier with various imfiurilies, 
e..g. ( i.iv, iron, lime, magm sia, etc. 3'lie 
(in-sence of a basic rii;itcnal wliicli will Ilux 
with the silica is essential to ensun- tli(‘ con- 
version of the quartz to tridymil-e or cristo- 
balite at a n-asonablc firing t^onjMTiituni in as 
short a time as jiracticable. An exc(3HH of flux, 
such as lime, is not [X'rmisHiblo, since the 
refractoriness of silica.^jiarticularly the refrac- 
toriness under lo.wl, falls rafudly with small 
a^lditions of impurities (§§ (19) and (^4)). 

The form in which the impurities occur is 
of importance, since it is desirable that tho 
fluxes should li^finely disseminated throughout 
tho whole mass to ensure rapid fluxing. In 
selecting a rock for the manufaeturo of silica 
bricks, tests are usually made to estimate the 
rapiditj'' of conversion of the quartz, and it is 
this factor, as much as the chemical comjxjsi- 
* White, Am. Jour. Sci.. Jan. 1^10, vol. xlvU. 
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tion, which dotormines tho buitability of the 
rock for tho purposes. In a few cases rocks are 
found from which bricks and blocks can be 
nndo without tho addition of a bonding 
inatc'rial ; for example, some forma of ganistcjr 
are suitable ; Init in gcuicral it Ls necessary to 
add some bond, lim<' Inuiig tho most popular. 
An important point in tho wdoction of silica 
rocks IS tliat on crushing they should 3 rioId 
angular grains. ^ 

Tho following aro ty|)ical analyses of siliceous 
rocks used for brick manufactum ; 


SiO, . . . 

07 0 

08 I 

970 

97 2 

96 7 

Al,(), . 

0 7 

0 4 

0 4 

1 0 

1 69 

. . . 

0 4 

0 4 

0 3 

1 0 

0 43 

TiO, . . . 

0 1 

0 3 

0 2 



CuO . . . 

0 U2 

0 1 

0 05 

0 1 

0 07 

MgO . . . 

0 02 

0 03 

0 2 

0-25 


Na,0 luul KjO . 

.0 3 

0 2 

0 3 


0 21 


Tho rofrai'torinoss of tlioso rock.s is about 
Cone ;ir> (177(r (*.). 

In tho process of manufacturer tho rocks aro 
first crushed to liim|)S I in. to 2 in. in diamotor 
and subsc'(|uontly ground in an edge runner mill 
and scrconcil into scvcual grades, tho coarsest 
grade used iKgng J in. to ,{ m. 'J'ho desiix'd pm- 
jiortions of the various grades aro tliAii .scdirctod 
to yield, fs dense a packing cw possible. A 
pro])ortion of fine dust is mcludod, and this, 
in addition to producing a dense body, in- 
crease's tho surfac(‘ factor and luuico the rate 
of rc'action and coi) version of the (niart.z during 
the tiring. If hnu' be added iti a bond (which 
is usual) it is gmierally introduced as milk of 
liiiu', about 2 jM'r emit or less according to Iho 
purity of the rat. materials. The mixture i.s 
tlu'ii watered and tenn«'rcd for a short time in 
a light edge runner rnill -a ijuarteV of an hour 
is usucl— and it is llimi n>ady for working. 

Silica bricks may lie moulded by hand, by a 
lever hand-pn^ss, or in nuichiues by hydraulic 
pressure, 'Fhe liand-mouKlmg process is carried j 
out in iron moulds —sometimes lubricated ^nth j 
oil'- th(' mixtuH's lieing hi'avily tamjKHl in by j 
hand. 1’lie wear on the moulds is severe (also | 
on the hands of the ojK'rators, who are com- | 
])elled to wear glov<>8), duo to the corroding j 
action of the lime. j 

Tho bricks pressed by hand in a lever press j 
are n<d. on the whole so sati.sfactory as the ; 
hand-moulded, since they have not tho uni- 
formity of the liand-moulded brick, while they I 
do not possess tho com|)ensating advantage of 
tho high density produced in tho hydraulio 
prosst's. However, tho output per man is 
larger than with tho moulded- bricks, and tho 
process is in ojioration in many works. 

Macliine - matlo bri-ks aro formed under 
great pressure — up to IfiO tons per brick. It 
is difficult to secure an oven distribution of 
pressure over the whole surfase of the brick, 
but when this 'is successfully done tho brick 


produced is in most respects superior to the 
hand-made brick. It is more true to specified 
dimensions and has a denser structure ; tho 
surface of the brick is of a liner texture, the 
fine grains being carried to the surface with 
tho waU‘r wiiich is prosw'd out of the brick. 
In consequence, tlioso bricks are lictter able to 
resist the corro.sivi! ai tion of slags and flue 
dust. Owing cliielly to faulty k'chniquo in 
the early days of tho pressed brick industry 
there is a jircjiidico against machine-made 
liricks. If tile jiressuro is uneven the bricka 
are liable to spall, (’omparativo experiments 
carrii'd out on mai'hmc- and hand-made bricks 
made and iirod under similar conditions, show 
that tho crushing strength of tho machine 
brick IS 25 yior cent greater than tho hand- 
rna<lo, ami tiie it'sistanco to abrasion is also 
great^T. Further, the machine-made brick, 
thougli di'user, gaye tho better results w'hon 
U'sUmI for dct/cnoration of strength duo to 
sudden changes of kmijn'raturc. 

1'he bricks an* friable when damp, but set 
sufficiently hard for hamlling when dry. They 
are '’HimI rapidly, since there is no drying 
shrinkage. 

When dry ‘vhey are .sr>t in tho burning kiln, due 
allowance being madi' for expansion on firing. 

Single down-draught kiln.s are the tyyie 
pn'ferred for firing silica bricks. The firing 
may Ik' carried out much more rajudly than 
with fireclay articles, cspciially in tho early 
stages. During tho firmg tho a quartz is con- 
verted into (i quartz, is subsi'qui'ntly converU'd 
into cristobalitc, and finally into tridymito. 
The true increase in volume is from 1.2 to 16 
j)cr cent. On firing there is usually an in- 
crease in porosity due to the rearrangement of 
tho cry.stals, and tho expansion of tho brick, 
if haid-liivd, inconsequence, generally exceeds 
20 per cent (by volume). The finishing tem- 
perature in a well-fired ix'fractorv hriek is from 
Tone 15 to 20 (1435° C. to 1630° C.). Some 
bricks are only fitvd to Cone 14 (1410° C.) 
or even Cone 12 (1350° C.). In these latter 
the percentage of uneoiivei-ted quartz is in- 
ordinately high. 

Oreat care has to Ix) exercised in the cooling 
of tho kilns afkr firing — jiarticularly in passing 
through the a (i tran.sformation tengweratures. 

§ (36) Properties of Silica Bricks. — 


CoraiKisltlon. 

Typical Analyses. 

SiO, .... 

96 

96 

942 

CuO .... 

3 

1 5 

2-2 

•AlA . • - 

0 5 

1 0 

1-6 

. . . 

03 

08 

1-6 

MgO .... 

0 2 

0 3 

01 

Alkalis . \ 


04 

! •• 


The unconverted quartz varie.8 between 25 
and 70 per cent. Scott gives the following 
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figures for average samples of commercial 
bricks : 

EnglUh ; Unoonvcrtcd quartz 36-52” Aver. 45'\, 
German: „ „ 41-49”^ „ 44'’(, 

American : „ „ 22-28”o „ 25‘,’i, 

In the liard iirod bricks tridymitc is the 
principal constituent. With lower firing tem- 
peratures and higher quartz contents mon 
oristobalite is found. 

Porosity. — 20 to 30 per cent. 

Strength. — A good brick should have a ck^ar 
ring. The crushing strength vanes from IWX) 
lbs. per sq. in. to 10,000 lbs. per sq. in. (testeil 
on the flat). 

Specific Gravity. — The 8{>ecific gravity de- 
pends on the amount of imconvert«*d quartz. 
In commercial bricks it Ik'h Ix'twoen 2 3 and 2 
In a well-fired brick the sjiccific gravity should 
not exceed 2-38, or at most 2-4 

Ref ractori nets. — (Jood lisicks ' shoukl not 
squat below (’one 32 to (Arne 34 (1710 ' (’. to 
1750“ (’.). Some bricks which give n'ason- 
able service, however, have a rcfractorincsH 
as low as (’one 30 (1070^ (' ^ Bricks having 
^ refractoririiisH below ('ot* 29 (I (>50" 0.) 
offer little advantage over high-grade fireclay 
bricks. 

Refractoriness under Lond.—'Vho refrax'tori- 
ness of silica under load docs not deO*riora(c 
to the same extent as that of fireclays. W'lth 
high-grade silica bricks of refractoriness of 
Cone 33 (1730“ C.) or higher, the ndractorincHs 
under load (50 lbs.) varies from Cone .30 to 
Cone 17 (1670° (’. to 1480^ (’.), according to the 
fineness of the tiixture. A very coarse texture 


Neither brick contained tridymit^in appreci- 
able quantities.^ 

A.’‘ “ H.” 

. . . n-8vl0« 107xl0'» 

l5‘‘-2r,0^ . . . 30 4>I^* 280xl0-“* 

2.50°-5iHr . . . 10 1>10'< 8-4 xlO-* 

500'-(ino» . . . 12 7 • 10 ® G 1 X 10 '» 

(iOO-.lOOO*’ 17vl0-« 3 1x10** 

Specific ficals. ~ d'ho sjX'cifie hcatsi do not 
differ greatly from ♦indiricks. Bradshaw and 
Kmorv gito value-, for a silica bnck of the 
following C(uv position : 


• SiOj . . 

. 966 

AljO, . . 

. 1 2 

Cat) 

. 1 02 

I'V.O, 

. 0 75 


Tcni|)eratiiro Kaiigi- 

Mean Sp Ht. 


25 -GIMI' 

• 22G 


25 -1000“ 

•2(53 


2.5 -12(H)“ 

282 

1 

i 

25 -141 Mr 

293 

Value for a silica brick by lleyn, Bauer, and 

Wetzel (s(H) “ Six'cific Heat of Clay ”). 


TcmiMTHtiirc Kungc 

» 

Mean Sp. lit. 





20'- 2(Mr 

•220 


20’. 400“ 

238 


20'. 61 Hr 

•253 


• 20'- 800° 

* -260 


20-1000'; 

» 263 


20.|2<Mr 

267 

V (ThksmaO^ 

► 



Temperature 1 K - 10* 

(% jClJS Units. 

' » 

Authority, 

Silxca Bricks — 

94% Sit), : \% AI,Oj r burnt at ) 
2% Fe.O, : 2 0‘>k 1 bt'X*’ <’ / 

Ditto . (burnt ui 1300° (' ) 
95% SiO, : 2”;, A1,0, ) | 

M%fAi0,: 1 5% Cat) j\ 

96% SiO, : 0 9% A1,0. \ \ 

0 8%FcA: / 

1(H)- HKK> I 20 0 

150-9.30 1 

l.-)0 930 ^ 1 31 0 

4(H)- 12(K) j 36 0 

100 1 22-0 

KKM) ! 42 5 

1 

j Wi.logdinc, 1909. 

Doiigill, Hodsman, and Cohb, 1915. 

i 

1 1 Boyd Dudley, 1915. 

' — 


shows pra^ically no deterioration under load, 
but an excessively fine texture may behave 
similarly to fireclays. A brick of Cone 30 
and under n\ay fail qpder loail,^ particularly 
if fine-grained. 

Coefficient of Expansion . — The expansion is 
governed by the amount of cristobalite and 
tridymite present in the brick (for their 
exjiansions sec § (33)). The folio wing»arc the 
coeflScients of expansion of two samples of 
silica bricks ; • 


A. Moderate firing 
R Harder firing 


. Sp. gr. 2-40 
. Sp. gr. 2-35 


Hlsctbical Rbsistancb * 


1300° 

* Ohms per cub. cm. 

. 1^700 

14tH)° 

... . 2400 * 

1500° 

. . . 710 

'* 1660° 

. . . 22 

1665P 

. . . 18 

Houldsworth and 

Cobb, Trant. Cer. Soe. 


227. 

* See Vol. I. '• Heat, Conduction of,” S (4), Table 11. 

• Tranafleld, Macleod, and McMaboo, " Electrical 
Resistivity of Firebricks at High Temperatures,” 
Trans. Am. Ekdroehem. Soe., 1912,^11. 89. 

* 2 1 
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V. PollCKLAlN 

§ (117). -'riie ffofnutory porcelains ((insist 
eHseritially of inixtun^s of (Hunnna, (piartz, and 
alkalis, Hied to a tenipcratum siiflicicnt ly In^di, 
usually about 1450’ to produce a vitreous 
Isidy bavmiJ: a K^tasy matrix in uliicli tli(> 
((uartz Ks partly or entirely di.s.solvod and 
cryHtalluu) sillinianito w formed, 'file raw 
materials usi'd in tlio manufacture are china 
clay, felspa*, and finely ground jSihca, with 
the ()cea.sional addition of lime, alumina, or 
magnOH.i*. The amount of felspar jiresent 
vanes from 10 to 25 jK'r cent in the averaj^o 
hard porcelains, and the china clay from 40 to 
55 [ler cenf^ The refractorines.s is incnyvsi'd 
by further addiUmis of china clay ; in the 
harde.st porcelains calcined iflumina is add(‘d. 
The following' are approximate com[)ositkons 
based on analytical results : 



A. Tn-noli jUircclam . . 41 4 

B. Berlin „ . . IS) 0-3 

(\ Japaneae . . 33 S) (i 

1). Marquart „ , . 72 

The raw materials aix' either w(‘ij»hed dry 
and then ground together in a cylinder, or 
ground separately m viator and mixed by 
volume, knowing the dry weights jier volume of 
slip, 'rhe body is formed by (i.) “ throwdiig ” 
on a potter’s wheel, (ii.) ])ix\ssing by hand in 
plaster ifl'ouids, (iii.) pnr’ssing as a damp powder 
in stool dies, (iv.) slip casting, (v.) extrusion. 

The wvire is lightly fired to a tem^raturo 
not usually exceeding 800’’ V., and is then 
sufficiently strong to \m handled with safety. 
It is then dipped in the glaze which is propart*d 
in the form of a slip, and Htially fired to a 
high temperature— from 1350° to 1500° C. The 
glaze is a mixture of china clay, flint (quartz), 


and folsfiar, to which lime is usually added, 
the constituents lining water-ground to a very 
fine state of division. For the above porcelain 
mixturcis appropriate glazes would liavo the 
following a])proximate composition : 

RO. R,0,. S10„ 

A ... 10 1 24 10-84 

B . . .1 0 1 00 8 91 

C . . .1 0 0-55 60 

D . . .l-0(PaO)10 10 

It is noeessary to adjust tlio composition of 
the glaze so that the coefficient of expansion 
may bo the same as that of tlie body, in order 
to avoid excessive strain in cooling. The 
coefficient of expansion can Ixi calculated 
roughly from the formula E (linear coefficient of 
expansion) —i/pA-/ UK), p Ixung the |wrcentage 
of oxidi! in the glaze and k a constant assigned 
to the oxide. Values for k are (apjiroxiniate) : 

SiO, '. . . .0 20 

AI,0, . . .10 

(’uO . . . .10 

iNh,0 . . .'3 3 

K,() . . . .29 

It will Iw s(*eii*, thendore, that an inert'aso 
the silica lowers the coefficient of oxjiansion of 
th(‘ glaze. Thc.se constants aix’ only applicable 
to a vitrt'ouH material. 

The gla/-(s in addition to the desiivd coeffi- 
cient of expan.sion, must “ mature ” at the 
temjH^ratiire of firing, that i.s to say, must 
pres('nt a highly glossy ap[K'araiu‘(*, free from 
pin-holes, blrsters, and matt surfaces. LTnder- 
Hrmg or ovcrlinng both destroy tiu* ajifiearaneo 
of the glaze. For any particular maturing 
leiiifxiratiim th(*re is a considerable range of 


Slllc.i 

. . i .. 

Fi'Ispar. Aliiinlnii. 


24 

31 

4 KO . H,0, 



5 8iO,. 

24 3 

2()-.5 

2r) KO . H,0, 



4 4 .SiO,. 

^42 0 

14-7 

4 KO K,0, 



G .SiO,. 


28 

Al,0,. .SiO, 


variation in the silica coimmt i)ermi88ible 
(keeping the RO/RjOj ratio constagt), and this 
range inertvises with the maturing temperature. 
Keeping the silica/RO constant the jxrmissible 
variation of the AljOj content is much smaller. 

Careful e^ioling is necessary to avoid strain 
oven in porcelain where the expansions of the 
body and glaze are well matched. 

. § (38) (’ONSTITHTION OF PORCELAIN BODY. — 
The following changes take place during the 
firing. ‘ At about 1200° the felspar fuses to a 
gla.s§[, but from thi.t temperature up to 1300° C. 
the viscosity of the glass is too high to permit 
of a rapid process of solution. The dissociated 
clay appears to form amorphous sillimanite. 
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ftnd tho rosiduat silica from tho docompositiun I 
[)f tho clay dissolves in the glass. As the teni- | 
poraturt» is raised tho amorphous sillimanite | 
AfjOs SiO^ Ixjgiiis to crystallise, ncodle-sha|)ed ' 
crystals (refractive index 104) apjx^anng. 

At tho same time tho quartz Ix^gius U» tlis- 
siolve. At 11110' small crops of sillimanite 
crystals can be seen, but tho solution of quaitz 
is not appr(*ciable, the grains still having a 
sharply angular outlino. At 1:140’ about 5 
[X)r (;ent of the quartz is dissolved, the grams 
becoming slightly rounded at the edges, and the 
ratio of (Tystalline to amorphous siliimaiiito is 
increased. At 1400 ’ C, tho (jiiartz grams are 
badly corroded. If tho AlaOa euntent-of tho 
body IS high, crystals of sillimanite will Iw 
abundant. Firing above 1400’ will oompleto 
tho crystallisation of the sillimanite, and at 
HSO” most of the quartz will have lK*en com- 
pletely dissolved. The temjKTatures given 
above are for tlu; average hard porcelain. For 
a jioreelam with a higher fel8[far content and 
containing lime, th«' tomjK'raturo at which tlu* 
solution of the quartz and the crystallisation 
of the sillimanite t<ik(>s jihuV will be consider- 
ably lower. tSinco the viscosity of the glassy 
matrix falls rajiidly with a snu 11 ineix^ase m 
tcm|K5ratur(‘, it follows that a small rise in 
the tem|K!raturc will, over certain temjierature 
ranges, [iroduoe more change in the btriictuns , 
than a prolonged firing at a lower tmniierature. . 
It is possible, f horeforo, w ith a knowledge of | 
tho composition of the body to estimate by 
microscopic examination the tenifierature to i 
which the body has b<*en fired -if the tiring , 
t€un|KTature is low. The relative influence of j 
time, however, is more pronounced with a high j 
tiring, sim e the variation of thi* rate of diffusion 
with temjK'ratiiro is less, and it is jiossiblo to 
pn;duce the same structure w’lth a pnjonged 
firing iw w'lth a short tiring at a slightly higher | 
teiiqxirature. | 

The addition of hmo and magnesia modifies j 
tho projierties of porcelain. MgO imparts a ' 
long vitrifying range to the Ixidy, a high thermal ! 
conductivity, hiw' cocfficusit of expansion and, 
in eonsequciiee, a high thermal endurance. 

§ (.‘19) I’ropkrtikh of Porcelain.— 

Normal Refractonne^Hs . — Cone 30. 

Crmhing Strength . — About 05 tons jxirsq. in 
Specific Gravity.— 'l l U) 2‘5. 


'oefficieiU of Expansion.— 

(0°-l(KP) 

1.5to 34x 

10 - \ 




Berlin •. 

. 1 7i/ 

10 '«- 


to 191”) 


3 36 X 

io-« 

(I6“ 

to 2.50”) 


3 66 ,. 

io-« 

(16^ 

to 500”) 


4 34 v. 

io-« 

(16» 

to 1000”) 

Meissen 

, 2 69 / 

10 -* 

(0° 

to 100”) 

Bayeux 

. 2 52 - 

io-« 


0 » 


3 27 > 

10 i» 


50” 


401 V 

10 « 


100 ”/ 


4-31/ 

io-» 


120 ” 

Rosenthal 

. 3*52/ 

io-« 

O'* 

to 100” 

Seger . 

. 38 X 

io-« 

20 ” 

to 100” 


Tlio coefficieni of eximnsion is largely in* 
fluenced by the tiring, inasmuch* as crystal* 
Ime quartz inqiarta a high cix'fllcient, whereas 
quartz ill solution gives a ^ow^ value. Thus a 
iianl -fired |H)reelain rich in* quartz will have 
an e.\})ansion a'ppixHuably lower than a lightly 
fins! poix'elain. 

Spicijic y/aiL— ir>"-10(KF -255. 


Perlut* 


I 202 (20 -21H)*) 

[ 221 (2(H) .■KHiq 


Conduetin y {T/u rmal) 0025. 

Vrnduetivity {Electrical) (('(!S. units.) 


•25.-10-1^ .... 

•20x10'“ .... 18l)n’.» 

05 xK)-* .... 4(H)M'.* 

.... 


Dielectric Constant. - 4 4 to 0 8. 


VI. ('aubunaceous Kekractories 

• 

§ (40).— The use of carbon as a ixdractory 
is jirincipally confined to the manufacturers 
of graphite crucibles for imdtiiig steel, brass, 
aluminium, and other alloys. 

Natural Sources. The jirincipal sources arc 
(Vyloii *101 Madagascar. 'J’luf following are 
typical analyses of Madagascar grapliite : 

('nrf.on . . . . 84 32 K7 16 

Fc,(), .... 1 04 088 

sio, 7 10 r,m 

• Al,(), . . . . J uO 4 13 

MgO. * . . 0 00 0 12 

• 1'he (Vylon variety contains as a rule more 
carbon, and the ash, although loss in quantity 
than that in the Madagiisear grai)liite, is more 
siliceous mil feriuginoiyi and tlierefore more 
fusible, • 

In sc'leeting a graphite for ' rucioh. -making 
the composition of the ^sh is of importance, 
since the resistance to oxidat'on is largely 
determined by the protiative glaze formed 
I round the giains, and this is derived from the 
I clay homl (and other fluxes added for the pur- 
j)oses) and from the interaction of the ash 
with the bond. Iron w particularly objec- 
tionable as an impurity. Of greater import- 
ance are the physical jiroperties, the grading, 
density and texture of the flakes. Since the 
eonduetivity and other properties may vary 
10(1 jwr cent or more Vith the^ orientation of the 
grains, it is necessary Pi select mixtures which 
will enable the orientation to he controlled as 
far 08 possible. 

Flake graphite, such as Madagascar, is tho 
most suitabltf ingredient for crucible-making, 
although it is usually necessary to odd to 
it a small proportion of a graphite, such as 
j the Ceylon graphite, which requires grinding. 

I ' Dietrich, Phunikal. Zeit., 1910, p. 187. 

j * Goodwin and Malley, Phyt. i/tv.. 1908, p. 322. 
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From 30 to 40 per cent of a pl^^tic bond clay is 
employed. 'Popular clays tor the purpose 
have been the KlingenlxT},^ and the (injas 
Almerodo (for analyses of these clays see 
<} CIO)), the norrnaF refractoriness Iwin#? Oones 30 
and 2S (1670 ’ (’. ami 1630’’ (\) resjM^ctivcly. To 
incrf?ase the refractoriness it is usual to add 
china clivy. .Sand (3 to 8 fwr (jont) and grog 
(anything u[) to 20 |>er cent) are added to itjduee 
the firing shrinkage. 

The crueihle.s are usually made in sf/Uie form 
of a potter’s jolley, the inixturo Ixung thrown 
into an iron mould and the crucible shaped 
internally with a suitable former as the mould 
is rotato<l. It is essential that the graphite 
flakes should Iw correctly orientated. The 
strength, thermal conductivity, and other 
properties arc different acoonling as meosim*.- 
rnonts are made [larallel to the plane of the 
flakes or ix^rpendu'ular. When the clay is 
made to flow under pressure, the flakes aasume 
, a dinM-tion with their planes parallel to the 
lino of flow. Various ingenious iiroccsses are 
used ko ensure that the gram in a crucible 
shall run radially or tangentially according to 
the purpose for w'hii'h the crucil)l(’i is made ; 
the bi'ttom, particularly at the corner, pn'sents 
special difficulties. 'Phe eondiuitiyty and 
tensile strength are greakvsf in a direetion 
parallel t^%the grain, hence, for thermal cftici- 
onoy, the flakes should run radially. Sueh a 
crucible, however, would Ik* weak if lifted by 
tongs from thg^ turriace, the kuision under the 
weight of th(' metat in the crucible bung per- 
IK'udicular to the gram. ' 

In practice H|K.icial ty|Hvs are made fer 
different methods of use and handling. 

. The firing is sdmetimes carried out under 
oxUlising conditions, ^ in which ca.s(i the tem- 
perature of firing does not e.xeeed 7(X)° ('. 
Alternatively, ^t he firing may fM> carried out m 
a muffle kiln at teiyjwratures up to 1000" 
Another method is to pack the “ green ” 
articles m saggars c»)ntainmg carlK)naeeou.s 
dust. Under these eircumstanees, the firing 
temperature is raised to 1230" 0. without 
fear of oxidaf.ion. The (iritig tem|)eratun^ 
required defamds on the use for whieh the 
mixing is intended. If a crucihle is to give 
nnisonablo servii-e, it is necessary that a 
portion of tlio bond 1)0 fused to form a 
pnitective glaze for the graphite grains. If 
the crucible is manufaetffnHl hir steel -melting, 
the high tem|)eratim> in the molting furnace 
wdll rapidly and effeetuayy glaze the crucible. 
For this jmrpose, therefore, a high firing 
tomjwraturo is not necessary to injure 
protection from oxidation ; it*'is, therefore, 
avoided, since the higher the firing temperature 
the greater the risk of t/xidation and cracking 
during firing. For brass- melting it is possible 
to choose a bond w'hich will give the required 
glaze at the working temperature of the 


furnace, and in this case also, therefore, a high 
firing temjx>raturo is not essential. For low 
temperature work, such as the melting of 
aluminium alloys, a dense body is required, 
since the low furnace temperature is sufficiently 
high to oxidise any unglazed graphite at an 
appreciable rate, but is not high enough to 
develop a good glaze. A dense mixture is, 
therefore, chosen for these pots. The shrink- 
age in firing is small, perhajis 1 to 2 jxir cent 
in the plane of the flakes, and 5 to 6 per cent 
jierjiendicular to the plane. Excessive shrink- 
age in the latter direction is prevonk'd by 
the sand and grog. The life of a crucible in 
a stci'l furnace is aliout six heats. In brass- 
founding a good crucible should last for about 
forty heats. 

§ (41) PiiorjjRTiKS OF (liiAJ’niTE Refrac- 
TORr:.s. — 

Specific Hravity . — 2 23 to 2-26. 

TeiiMik Strength' — 20() tf) 300 lbs. per sq. in. 

Coefficient of Expnnaion . — 

7 8()xlO-«at 40° (\ 

7 01,- ]0-« at.W° C. 

Specific Heat}-- ' 


•:o“ c. 

. -KkJ 

61 3 

. . -199 

138 . 

. . ■262 

202 . 

. -297 

249 . 

. . 325 

622 . 

. 445 

822 . 

. 454 

977 . 

. 407 


Conductivity {Thermal ), — 0141. 

Electrical lie^'fistaiwe, — S[K?cific resistance 
003. 

In bonded gra[)hite crucibles the properties 
vary greatly with the orientation of the grains ; 
thus Eie thermal conductivity may l>e 100 per 
cent greater parallel to the grains than at 
right angles to them. 

^ VII. The Refractor V Oxides 

§ (42). - The pure refractory oxides, although 
deliarred, on the grounds of cost, from use on 
a largo scale in industrial ojjerations, are 
important in the laboratory in connection 
with the preparation of pure sampf^’s of the 
refractory metals for research purjioses. The 
growth of research on the phy.sical constants 
and chemical reactions and equilibria at 
extreme temjferatiires hfis created a demand 
for special refractories which cannot be met 
by the manufactun^rs of refractories in the 
ordinary way since the requirements are usually 
unique for any particular research and the 
quantities involved ^re small. With a know- 
ledge o^^the prpperties of these special rcfrac- 

* Mean values over a small temperature range. The 
epocifle heat approaches a maximum at about 1000° C. 
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tories and thoir behaviour at high tempera- 1 
tures the manufacture of small articles, ! 
such as tubes, crucibles, and so on, in the j 
laboratory is an easy matter, and well worth 
the undertaking where it is jMirt of the routine 
of the laboratory to carry out msearch on the 
physical constants and constitutional diagrams 
of alloy systems at high tcmperaturt*8. 

The oxides important for refractory* pur|siae8 
are MgO, ZrOj, ('aO, Al./) 3 , and SiOj. The 
melting-points and appn)ximate boiling-points 
are : 



Moltlng-point. 

Boiling- 

point. 

MgO .... 

28(X)'’ 

3000“ 1 

ZrO, .... 

27(K)“ 

4.‘KX1“ 

C’aO .... 

2570“ 

.3400“ 

A1,0, .... 

2050^ 

3800“ 

SiO, .... 

1670“- 17 10“ 

.35{K)“ 


Olhtr rcdractory oxides are those of: 


• 

* 

Melt lag- 

Boiling- 


ix)lllt. 

{Kiint. 

Beryllium . 

2410“ i 

1 20<H>“ 

Yttrium . 

2350“ 

4300“ 

Thorium . 

24,50“ 

4400“ 


Tlio figures for tlio boiling-points are taken 
from Mottd 

With the excejition of MgO these oxiiles 
are readily rt'duccd at high tcmiioratunw, 
and for many purposes MgO, on the score of 
refractor moss, is the moat satisfactory if the 
basic character of this oxide is not objection- 
able. If, for example, a metal ls to be melted 
under an acid slag, MgO would be corroded. It 
appears to volatilise, however, at temperatures 
near its melting-point, but at lower tiem|)era- 
tures undergoes little change. Silica, and to a 
smaller extent, alumina, emit dense fumes at 
torajxjraturos which, under certain circum- 
stances, may be as low os 1600® C. It seems 
probable that a volatile product of reduction 
may lie formed under strongly reducing 
conditions, subsequent conversion to the oxide 
and condensation taking place under suitable 
conditions. In the case of AljO, metallic 
aluminium {B.P. 1800° C.) may be volatilised. 
(See also § (46) for MgO.) 

§ ( 43 ) Thc Manu^iactube cyp Crucibles 
FOR Laboratory Work. —I t is essential that 
all the oxides when used for making refractory 
crucibles, etc., should be in the dead-burnt i)r 
fused condition. The easiest procedure istto 
fuse the oxide by passing an elcctritf current 
through it in thc manner Ascribed elseqjhere.* 
The oxides all begin to conduct at tempAatures 
well below their melting-points. For example, 

* Trans, Amer. Eletifcchm. Soc., 1918, xxxiv. 255. 

* ^ Furnaces for Laboratory* Use/' 


th< following table shows the resistance of 
fu8(*d magnesia : ® 


Temperature 

SlMX'lflc RcslstillK'O. 
fHiiriH 

1060“ . 

. 420,(X)0 

1100“ . 

. 320, (KX) 

llTir . 

. (i2.0<K) 

123'»” 

. 24.0(H) 

1352“ . 

. . 510 

1386“ . 

. . 416 


The fiiwul ('xidc IS ground finely in an in^n 
mill, the iron removed lirst magnetically, and 
tinalU by treatment w ith acid, (»r by jwissing 
pho.sgene gas over the oxide heaUnl to 
This latter process removes the last trace of 
iron. The powder is then moulded to the 
de.sirod form. Sulficicnt phisticity can be 
obtained by mixing a little gum tragaeanth 
with the oxide. It is sometimes found useful 
to u.se {w a binder a small ((uantity - -5 to U) jxir 
cent— of the unfnsed oxide. The arlh h's are 
then fired in a suitable electric furnace (see 
“ Furnaces for Laboratory Use ”). 

A mixture of oxkIcs will frit togeftier if 
heated t^) temjHTatures far l>elow the meltiig- 
points of either, and, in this way, excellent 
erucibles an Ihj made w lien •the extreme 
refractoriness of the i>ure oxides is not required. 
Spinel (MgO, AljOj) offers great ii^J#antages 
for this purpose. 

§ (44 ) Binary and Ternary StsTEMs.— 
Thji constitutional diagrams of J^mary mixtures 
of AljOj, UaO, MgO, Si02,J»ave lx‘on stiubed 
at tho (JeophySical Laboratory, U.S.A,, also 
tl|p ternary sy.stems, MgO ALOj SiOj, CaO 
AljO, MgO, f'aO MgO SiO^. /V- 7*12 show 
thc six binary systems. 

Fig 7 shova tho hquidua <tf tho CiiU MgO Hyatora.^ 



No compounds are formod. The eutectic composition 
is CaO 07 percent, MgO 33 |jfr cent, Melting-point 
2300“. 

• Northrup, Trans. Amer. Bleet§oehgm. 8oc„ 1910, 
xxxiil. 215. 
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It will b(f obnervftd that a^l the binary and 
Uirnary rompoundH fouiul coriHiat of Himplc* 
molecular ratioH of the ox idea. 

Som(5 cuU'cticH in the t<*rnary Hysteins are : 


Mi*ltinK-i)olnt. 


CaO 

3fi 0*;.;) 

MgO 

8";, 

SiO, 

01 

4%. 

1.320®, 

CaO 


MgO 

12 fi";, 

SiO, 

51 


13.50®. 

CaO 

29 8";, 

MgO 

20 2";^ 

SiO, 

5t)";, 

13.57’. 

(JaO 


MgO 

(1 3";, 

A1,0, 

47 

71.' 

1347’. 

(;aO 

41 r/*;, 

MgO 


A1,0, 

51 

yO' • 

“ /O 

’ 134.5®. 


Fi{/ 8 is the MgO Al,()a HyHtem. One conuiound 
iM found, MkO A1,0, (M{;0‘28 4';,,. Al,(), 74 0%). 
point 21115°. 



‘Fio. 8. , 

Kutcciics : 

MgO 45^',. Melting -point 2030®. « 

MgO 8‘\,. „ 


F^g. 9 is the SiO^ MgO h^kIciu. 



2 MgO SiO, (SiO, 42 MgO r>71«o). 

Melting-point 1896°. (Foreterite.) 
MgO iSiOj (unstable) — Melting-point 1500® 
SuUciics : " 

SiO, Moltmg-point 1850®. 

SiO, 650o-- ' .. » 1543®. 


Fig. 10 ia the CaO A1,0, syatem. 



Compounds : 

3('a0 AljOj (('aO 02 22",,) (unstalde). 

Melting point 1535®. 

5CuO 3A1,0, (t'aO 47 78",,). 

Mi'ltmg.jioint 1395®. 

CnO AljO, (I’uO 3.') 41";,). 

Melting-point lOlMl® 

3(’aO .5AI,0, (CaO 24 78";,). 

Melting-point 1720®. 

He?eronce should Ih‘ made to the original 
jiapt'rs, the studv of which yields information 
as to tlio efTeet of the eontamiiiatinn of the pure 
oxides with other oxides, the choice of a 
suitable bond, and the fields in which highly 
refractory products are likely to occur. 


Kanolt, •* Melting Points of Keiraetory Oxhles.” 
Journal ]Vnt,h Acad .Sri , 1915, Hi 315 

Day, Sheiilierd, Wriglit, •' Idmc. Sllii^ .Series of 
Minerals,” Atn. Jour. Sc\ , 1906, wil 26.5. 

Shepherd, Rankin, and Wright, “ The Binary 
Systems of Alumina with Slllea, Lime, and Magnesia.*’ 
Am. Joi/r .Sri 1909, 293. 

Rankin and Wright, Am , Tour. Sci., 4915, \xxlx 1 

N. L. Bowert, ” Tlie Ternary Sy.stom Dlopslve— 
horstente Silica," Am, Jour. Sec., 1914, xxxvHl. 

Shepherd and Rankin, "Ternary Sy.stem-raO, 
AuD,. SIO,,” Jour, of Ind. and Eng. Vhem , 1911, 
•ml iii No. 4. 

Fergusdh and Merwin, “Ternary System' CaO, 
MgO, SiO,,” Amer. Jour. Sn , I9lt». Aug. 

Rankin and Merwln, “Ternary Systems -MgO, 
A1,0„ S!T),,” Amer. Jour. Sci., 1918, April. 

Rankin and Merwln, "Ternary Svstems-CaO, 
Al,0,. MgO,” Jour. Am. Chem. Soc., 1910, March, 

Andersen, “The Syatem Anorthite— Forsterlte 
Silica," Am. Jour. Sci., 1915, April. 
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Fig. 11 is the CaO SiO, nystem. 



Compounds : 

CftO SiO, (('aO 48 20;,) Molting- f)oint ir)4(r. 
2CaO Si(.), (CaO tin 2o„) .. 2130’. 

EuiechCA ‘ 

CaO (17 no/,, Mv'lting point 20(55’ 

CaO 540;, 1440" 

CaO:57o„. „ „ 1426’. 


Fig. 12 IS the AI 3 O, SiO, RyHtern, 



Compound : • 

A1,0, SiO| (A1,0| 62-9%)i Melting-point 1816®. 
(Silliraanito. ) •* 

BuUciics : A1,0, 640{^ Melting-point 1810*. 

A1,0, 7-4%. „ „ 1590®. 


§ (45) Magnbs|a (MgO).— Mapieaia U used 
pxtensivoly for furnaeo Uningtii, particularly in 
the irtin and at-cel uulimtruvs. 

‘‘Ma'^iioHite" hrii’liH an^ pn'pan-d from doad- 
Inimt niagnoaite (Mgt'Og)? The i)rinciifiil 
aourcos of magnesite ant Austria, (!n‘ee(\ India, 
and U.S.A. 1'he two funner arc n's])t)iiHible 
fur 90 jK'r cent of the world's supplies. Tlie 
f»/llo\vmg an- aualyw's of ihu and calcined 
inagi.cMh*. 

AVLHUih .\NA1.1SKS 


(Out-ct 

ptcl Mutri'r*!!' 
liiitiH, C&lifuriiU) 

t'lMthli Mim 
iieult*' lyni l« 1', 
Norwftv, 

Hn-uuiii-i Itp 
(Aiutrlki 

MgO 


38-41 

38-17 

47 

CdO 


1- 3 

0 10 

0-2 

F.-.O, 

1 

.1 - 



1 AI,()3 

1 


• 

! ’ 

j 


1- 5 

1- 3 

1 l-.l 

1 FO, 


50 

49-51 

! 50 








TMncAi. Ami.isi'.s oe thk CAi.eiVK* 
M \(iNhsi rii 


1 

1 

! ■ 

j • 

S(yi 

lull ( AukIi i«) 1 

j . 

I)i|Inhi'(|| 

1 IlllllAII 

;mro 

81 

0 

! 81 7 i 87 4 ! 

!K» 7 

9^ 

93 1 

ii'iiO 


0 

2 8 .3 1 

.■50 1 

:i 5 

I 1 0 

• F.-,(), 



7 4! « 3 

0 7 

0 13 

1'2 

! I 

11 


0 6 j . j 

0 7 ' 

0 9 


1^,1 

1 

35 1 

76 j 12 ! 

. • L . 


0 2 

4 4 

l_ 

•The 

pic 

ked 

raw maU'rial 

iH li 1 X ^(1 to 

a high 


tt'mjK* ratine to convert it to the dead-burnt 
variety of high B)a‘Cilio gravity. The Umi- 
peraturo of, calcining is yi th(> neighbourhood 
of 1500'^ for the Styrian, ami considerably 
higher for the Kuboi^an. For some purposes 
lower gnvdefi of magnesit^ — rich in iron —are 
calcined to (Vines 12-14 only. When calcined 
to ('ones 12-14 the magnesia is in an apparently 
amorphous form, having a density of 3*2, 
With a higher calcining temjK'rature crystal- 
lisation occurs, the density rising to 3'(l-3-7 
with the formation of ix'riclase. 

In the manufacture of bricks the dead-burnt 
magnesite is crushed and pulverised in a ball- 
mill or edge runner. The grading adopted is 
finer th^n that used in the manufacture of 8ilic|i 
bricks — fractions coarser than ^ in. being re- 
jected. (Generally, particles -, 1 ^ in. are selected 
as the largest si/^. iThe cru shell •material is 
moistened with water, tar or dextrin solution, 
etc., about 1 |)er cent being added, together 
writh a bond*if any is used. The choice of 
binding material is varied. The most usual is 
“caustic magnesia.”' This is made by cal- 
cining the raw magnesite to 700'’-8(X)®. About 
10 jier rent of this is %dded as a bonding 
material with or without magnesium chloride. 
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Iron oxide, clay, serpentine, Iwrax, and other 
sulwtanoos have also Iwen iis<;d. The greater 
the quantity of bond, the easier the bricks are 
to mould, but the greater the shrinkage on 
fifing. This limiis the amount of Isjud jxir- 
missiblo. The bricks may bo moulded or 
pressed ; pressing is the most usual, 3500- 
7000 lbs. jier sq. in. lioing employed. Tho 
higher the teinjic^rature of firing, tho better the 
brick produced. It is impossible to overfire, 
poor-quality ferruginous bricks may lie fired 
to (Vine 12, but tho lx‘ttor grades are fired 
to (Vinos 17-2H, or oven higher, l^ih^ aiv 
used similar to those employed in the silica 
industry. 

§ (40) Phoi*krtie.s of Maonic.site Briok.s. - 
In appearance these vary in colour fnim grey 
to a red brown. Some varieties are almost 
white or a light buff. Typical analy.ses : 



KulHicnii 

KiiKliHl) 

AihI 

■ ■ 

MgO . 

93 4 

85-4 

82 4 

882 

80 8 

CaO «•. 

37 

3 5 

7 3 

0 9 

2 1 

Fe,0, . 

0-5 

4 5 

1 90 

71 

5 9 

Al.O, . 

0 2 

21 

1-29 

0 9 

4 1 

SiO, . 

28 

4 4 

0 8 

2-4 

1 

8 0 


These bricks are far 8ii|Kinor to silica or 
fireclay m ' tho presence of basic slag. They 
are readily fiu.xed by silica <ir alumina, but not 
apparently by magnetite. Successful furnaces 
have b(Rin confll'iucUHl from ir<in boxes or tubes 
rammed with mVncsite ard plaiiod a-s 
“ headers ” in tho walls. 

Magnesia apjHiars to n^act with carbon aild 
to volatilise, condensing on cooler parts of the 


furnace. It is probable- that the following 
reaction occurs : <- 

MgC C " Mg f CO 
(Solid) (Solid) (VaV«r) (VaiKiur). 

The magnesia fluxes w ith fireclay at about 
1560® C. and with silica at about 1610® C. 

Specific Oramty. — 3-4 (lightly fired), 3’6 
(hard fired). 

Portwify.— 16-28 per cent. The best bricks 
have porosities 15-20 per cent. 

/SfrangfA.— Oushing strength (tested on the 


flat) : — Cold— 1400-7000 lbs. per sq. in. Hot 
— the strength falls steadily with increasing 
temperatures and d(X‘s not show any evidence 
of a discontinuity, such as is found in clay or 
.siliceous refractories. Between l.'KK) and 15(X) 
the strength falls off rapidly. Chatelier and 
Bogitch ^ give the following data for bricks of 
the comjMisition shown : 



(1) 

(2) 

(3) 

(4) 

MrO . 

. 8(r7 

03 4 

89 4 

81-2 

CaO . 

. 1 0 

3 7 

4-5 

4-8 

Fe.O, . 

. 00 

0 5 

M 

0-2 

Al.O, . 

. 06 

0 2 

08 

1 0 

SiO, . 

. 6 7 

2 8 

42 

88 

Crushing strength kg. per 

sq. cm. at 

15" 

145 

420 

390 

230 

1000" 

8.5 

320 



IIXM)" 

60 

280 



1.500“ 

:i 6 

185 

90 

16 

IWX)’ 

1'8‘ 

8 

4 8 

3*6 


Bodin gives tho following figures for typical 
bricks from Styria and Euboea : 

Crushing strength kg. per sq. cm. at 

“ 20" 800" Kxio" LW 1500“ ' 

Styria .... 4.')0 295 190 155 30 

Kuhooa . . . . 26<J 2G5 230 110 5 

Normal refractoriness, Cones 
40-42 (2000' C.). Under load (50 lbs. per sq. 
in.). Cone 18 (1500® C.). 

Cnejficicnl uj Expamiuu. — Tho coefficiont of 
expansion is the highest of all refractory 
materials, Uung (15®-](XKr) 13-5 x 10'® approxi- 
mately. Tlie expansion is utiiform, the expan- 
sion-temperature curve l)eing jiraetically linear. 

Specific llmi. — (O' - 100' C.) *24. 


Electrical 

Reslstancb 


^tpeolflc Resistance. 
Ohms. 

1300“ C. . 

. . 6200 

1400“ C. . 

. . 420 

1500“ C. . 

. . 65 

1550“ C. . 

. . 30 

1665“ C. . 

. . 26 


% 

‘ Chattier and Boglteh, " Sur les proprl^tis 
n^fractalras dfe la inaBn6aic,” Tran*. Cer. Soe. xvil. 
181. 

* See Vol. I., " Heat, Conduc|^)on Of,” § (4), Table 11, 


if’osDtrcTivrry (Thkrmal)* 


t 

Temperature 

“C. 

K' V 10* in 
Units. 

Authority. 

MagnetiiUt lirich — 

MgO ; 6% 8i(), \ 

1-6%Fo,0,:1-7%('h() ) 

80 6% MgO : 2 6«;, 8iO, 1 

7 0%Fo,O.:a-7%CuO j 

Diatomitt Bricks .... 

320.,560 

7(K)-1400 

460-830 

100 

600 

151 0 

9l 0 

1.350 

310 

4 61 

1 Oougill, Hodsman, and Cobb, 1916. 
Royd Dudley, 1915. 

j National Physical Laboratory^, 1916. 
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§ (47) ZiRCONiA (ZK),). — The ores of zir- ! 
conium occur abundantly in various parts 
of the world, fJeylon, N. and S. America, i 
Urals, Norway, Australia. The most import- I 
ant doi)oHit8 are in Brazil. Zirconia occurs as 
baddoloyite, the crude oxide, and zircon, the 
silicato ZrOj, SiOjj— baddoleyite contains from 
74 bi 90 j)or cent ZrOj — an average analysis is ; 


ZrO, .... 

^ 82 0 i)er cent. 

SiO, .... 

. 114 .. .. 

TiO, . • . . . 

. 0-4 „ .. 

AI.O, . . . 

. 0 9 .. 

Fe,U, . . . 

. 3 1 „ „ 

lx >88 on igmtion 

.• 20 „ „ 


Attempts have been made to manufacture 
bricks from the crude ore for hidustria! pur- 
poses, but, although it has lieen claimed that 
some satisfactory trials have boon obtained, 
yet, on the whole, they have not been success- 
ful. The failure of ZrOj bricks is largely a 
fault in the manufacture. The behaviour of 
ZrOj on heating is similar to aluminous 
refractories, inasmuch as a steady shrinkage 
persists even after prolonged bring, and it is, 
therefore, necessary to use a high proportion 
of dead- burnt zirconia fired to temperatures 
equal to those employed in the calcination of 
magnesite for brick-making. Zirconia bricks, 
lightly fired and made from underfired grog, 
show a gradual deformation under load at 
comparatively low temperatures. For ex- 
ample, a sample of ZrO, brick, of normal re- 
fractoriness over Cone 40 (1920° C), may squat 
at 1400° under a load of 75 lbs. per sq. in.* 

Another portion of the same brick tested 
after firing it to 1050° may squat at 1730° under 
the same load, and a sample of the same 
material which has been fused in the electric 
furnace 4e8ted under similar conditions will 
squat at 1790°, 

Bodin gives the strength of crude zirconia 
blocks at various temperatures : 

• • • 

Crashing strengths (kg. 20® 800® 1000® 1300® 1600® 
per cm.*) . . 306 276 346 90 10 

It will be seen that zirconia has a point* of 
maximum strength at about 1100° similar to 
clay and siliceous refractopes. 

§ (48) Pure ZrO,. — The complete purifica- 
tion on a oommercied scale at a reasonable cost 
is difficult. Supplies are now obtainable, 
however (over 99 per cent ZrO,), for labora- 


tory purposes.! Having reganl*only to the 
refractoriness of ZK), the removal of silica 
is not necessary. The softening-point of the 
compound ZrO, SiO, (zircsn) — containing* 33 
per cent of silica — is 2^>0°, and the eutectic 
Is^tween ZK), and ZK), SiO, molts at about 
2390°. On i ho silica side of tlie compound the 
liquidus falh rapidly. We can therefore 
dilute the ZrO, with up to 33 jier cent of silica 
w ithout ^riously decreasing the refractoriness.^ 
The pit'senro of inm greatly affects the refrao- 
t(»rnes8. Treatment with llCl rmnoves most 
of t.'e iron, and the ZK), thus obtained is 
Hufticiently refractory for most jiurjMws. The 
removal of the last trace <>{ iron can be readily 
effected by treatment with phosgene.* « 

The pure oxide has a serious disadvantage 
for the manufacture of crucibles, in that it is 
readily reduced either a lower oxide or 
carbide —under certain cii'cumstances nietallio 
zirconium may be formed — successive reduc- 
tion and oxidation give rise to the rapid 
disintegration of the crucible. 

The fused oxide is inert to chemical action. 

It is not attacked at an appreciable rate by 
fusion mixture or by molten glass, but dissolves 
in fused liorax. The iidditious>f small quan- 
tities (of the order of 1 pt'r cent) of other 
oxides, thoria, }d>tria, alumina, enables 
satisfactory crucibles to be made with a denser 
body than witli zirconia alone. 

^CoeJJickni of Kxpaimon. — value of this 
IS 0*84 X 10‘*, Ix'ing the liiiwest of the well- 
knowm oxides,* with the exception of fused 
i^lica. 

The Therrml ConduriivUy is said bj lie low. 


Specific li&U .* — 


Trmi)eratiire. 

, Hpecific 

0®-100® . 

. . . -108 

26®-600® . 

. . . 137 

25“-l000® 

. . 167 

26“-J200® 

. . . 167 

26®d400® 

. . . 176 
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§ (49*) Alumina tAI,0,).— The * source of 
A1,0, as a refractory in nature is bauxite. 
The mineral invariably contains dbnsiderable 
quantities of iron and silica and is usually 
parti&lly hydrated. The cost of purifying the 
mineral sufficiently to make a satisfactory 
refractory together with the necessity of a high 
firing temperature to avoid excessive shrinkage 

* WMhbuin and Llbman,*” The Diagram of the 
System ZK), SIO,,*’ Tram. Amer, Cer. Soe., Aug. 1920. 

* Washburn and Libman, loe. eU. 

* BradMiaw and Emery, TramfCe^. Soe. xlx. 84. 
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irv uwi (as witfc zirconia and mcf;noftia) provonts 
iho v<iry oxtensivo uho of AlgOj for industrial 
purf) 080 M. J3auxito brickH artj maniifa(ture<l 
andiuHod whoro thficluonical ccmditions are too 
boHie for firoolay t(( satisfactory results. 
As a basic n‘fra(!t(»ry, however, it is inferior to 
maKncsia. 

Laboratory ware made from calcined alumina 
and bond('d with cla^/ is uscmI extensively for 
furnace cores, pyrometer tubes, crucibles, 
com bastion *l)oats, etc. The wan» is p;oneralIy j 
highly p(»roUH (tO p(‘r cent |>f)rosity or ni^re) ' 
and softens under load at a low tomjieri^ire. 
Pyrometer tubes will sag under their own 
weight at 

The crushing strength of bauxite and 
ciystallino alumina bas lioen determined by I 
Bodm ‘ I 


Tempnatures . . 

20” 800” 


1.500” 1 

Hauxilr find h 

39.5 270 

715 

55 

20 

^iiaiuitp find in 1.500” 

060 .3<iO 

685 

95 

15 1 

CrifMalline alunnna 

7!H) 3.50 

01.5 

310 

30 1 

Coejjkie.ht of exfutusmu 

0 1000 iH 

7 ■ 10 


1 


Fustxl alumina is imirt to chemical action, 
being similar ty zirconia. 

§ (50) SiLLiMANiTK (AlgOj Si(L). — 'Klis com- 
pound (sc^.Fij/. I’-i, p. 487) prohuscw to liecome of | 
importance. ]t ap|H'ars to be highly resistant 
to the action of slags and olTers advantages 
for use as grog as a substitute for burned fire- 
clay in glass-hohno rcfractoni's. 'Phe discovefy 
of large deposits o^ sillimaniLv in India has 
ojKmed out a new lield for this inaL'rial, hut, 
as yet, ite development Is only in the experf- 
mental stage. o 

§ (51) Hiuicon Caruidk (8i(!). — Silicon 
carbide is commonly known under the name of 
^'arborundum, the name under which this 
pn^duct was Tirst manufactim'd under the 
patents of its discov(<.rr, Acheson. 

Amorjihous carborundum is formed from 
carbon and silicon at teuifH'ratures as low as 
moo®, in traces, but Is only formed abundantly 
in the neighbourhood of KHRP. The crystal- 
line variety is produced by the interaction of 
silica and carbon at about 1000 ’ at atmospheric 
pressures. Lnder reduced pressure the tem- 
{lerature of formation is lowered to I4fi0®. 
Pring states that SiC is formed under reduced 
pressure (Pl mra.) at l‘?5()®.* An increased 
pressure inhibits the formation of SiO. 

On an industrial scale the manufacture is as 
follows : ^ 

A firebrick furnace 16' x 6' x 6' or larger is 
packed with a charge of coke, i^d, sawdust, 
and salt, in approximately the proportions sand 
54 per cent, coke 34 ^ler cent, sawdust 10 per 
wnt, and salt 2 pew cent. Carbon electrodes 
are situated at each, end of the furnace and 

’ Trant. Off. Soe. xxl. 56. 

* Pring, T’Am. Soc., 1908, xclll. 


these are connected by a cylindrical core — 
about 20^ in diameter — made uj) of I" lumps of 
coke ninning through the centre of the charga 
The function of the sawdust is to increase the 
|)orosity and so to facilitate the esea^ie of the 
C'( ) formed during the reaction. I'he salt, acting 
as a flUx, increases the reaction velocity, and 
also, probably, servos to purify the charge by 
the formation of volatile chlorides. A heavy 
current is passed through the coke core and 
a high temiHwaturu is obtained. The reaction 
w : 


SiO, h2C-Si t 2CO. 
Si t- 


The (’() passtvs up through the charge and 
burns at the to]) of the furnace. The heating 
18 continued for aliout 36 hours and the current 
consumjition during this [leriod is about 
6000 amps, (at 12*5 volts). With this con- 
sunifition about 3 tons of crystalline Sid are 
produced and about tons of amorphous 
SiC. The total charge is about 14 tons. 

Tht‘ SiC is grouiul with water, digested with 
HjSO^, washed, dried, and scixiencd. 

The tlu'orct kal composition of SiC is 30 per 
cent C, 70 ])cr cent Si. The commercial grades 
contain : 


Si 


A1,0, 


. O.'i-OO 5 per cent. 

. 28-:i2 „ „ 

. 0 2 -2 „ „ 

. 0 0 . 5-10 „ „ 


The amorphous material found surrounding 
the central crystalline jiortion of the charge is 
sold as “ lire sand and used for miscellaneous 
purpose.s as a refractory. 'I'he average com- 


])osition of thi.s is : 


Sir . . 

. 80 |)er cent. 

SiO, . . 

. 0 u „ 

Al.O, . . 

. 3 „ „ 

Fe,(>, . 

. 3 „ „ 

C (five) 

. . 8 „ 


§ (52) Chemical Properties of Carbor- 
undum. — SiC is oxidised slowly in air at 1200®, 
CO and SiOj bidng produeeil. If heated to 
1500° the SiOj fuses and glazes the SiC.erystals, 
retarding further oxidation. At 1750° the 
oxidation is rapid. The temjjerature of de- 
com]X)3ition is 2220°. 

Nearly all t|ie metaliie oxides react with SiC, 
forming silicides. The approximate tempera- 
tures at which reactions take place are : 


CiiO 

. 800” 

CaO 

. 1000” 

MgO 

. 1000” 

Fc,0. . 

. . 1.300” 

NiO 

. 1300” 

MnO, . 

. . 1360“ 

Cr.O. . 

. . 1370” 
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Sir is decomi>o.sed by fused sodium car- 
bonate, sodium silicatt', alkali sulphates, 
borax, eryoliU*, and caustic potash. Chlonnc 
reacts with SiC at 9(M)® yicldinsi Si(’ i 

not attacked by lioiliiiij; acids (indudin^ 
HF). 

§(53) PHY.sir\L PpovF.HTiKS.-~Pure*Sit‘ is 
praitically colourless. As usually fouml it 
varies from pale j»reon to black. The bhnk 
crystals show iridescence due to a thin lilm of 

Sib,. 

Kefnictice Inthx - 

lUd 2 7J (u)-2 8 {,i) 

Violet 3 t (a)-3 8 (/-t) 

Jf^pccijic (Jraritij. -3 23. 

Specific Heat. — -108. 

Tlicnml ('ondnctir.ily. — for Sit- brick at a 
temiHiraturo of KKkP— 0231. 

Coejjicieiil of S.rp(tn.Hioii. - 

Temperature. ('dttr, of K\p • Kr* 

l.'i . . . • . 4 71-1 78 

Electrical Resistance. — I Vdornnuations made 


on Si(' brick« 
materials : 

with and w 

thout bonding 


S|)0( Ific ItcHHt- 

Sped lie Resist- 

Toiniicraturc 

lOK (' wltllollt 

Bond 

.nice witli Cl.iy 
Bond. 

" - 

Ohms 

Olinis 

2i>*^ 

.70 

284, (KH) 

100® 

40 t 


200® 

:«) c • 

270.(HH) 

400® 

20(5 

2r)0.(H)0 

0(H)® 

14 0 

70,000 ! 

800® 

7 8 

2l,odO 1 

KHM)® 

3 7 

i 

1 IIH>® 

2 1 

i.VHK) ; 

12(H)® 

1 .3 

i 40 i 

14(H)® 

0 0.7 

1 


Electricai 

• 

. Resist \N<’ ij of 


(old. 

tMHIM’ 900® 


I The pro|)ertiel of SiC make it a valuable 
I n-fractory for wrlaiu purjxises. 'I’he thermal 
! conductiMtv IS far hi>'hcr than that of any 
I other refractory material, aad tlu'ivfom, as <vn 
I ingredient for n'toit.s, npiftlc tih's, and so on, 
i the US'' of carborundum effects a coiisidcrablo 
1 ' iving of fuel SiC vessi'ls are made by Inind- 
i mg the Sit' ’tMth a suitable ilay. In liring 
I tlicM' .'siC-clay mi\lui\‘8 it is necessary to 
attain a ‘■cmpcratio^- I'xcccding that at which 
! the artulc is 'o Ik* u.m iI, since thcsi* Yi'fractorics 
; deb -m umh-i load at high b>m|KjratuiV3 if 
lighPt .' liix'd. 

'Pile angularity of the grains makes Si(’ 
particularly easy to bond uith a cla\ and, if 
lired hanl, <ml\ a small amount of clay, say 
5 |H'r cent, is necessary, since the silu a fornu'd 
b\ the oxidation of the Si(' is an adctpiate bond. 

SiC provnlcs an effcctyi' Ma.sh over the 
suibwe of clay icfiactorics <‘xpos<>d to a high 
((*nnK‘iaturc, and [in'vcnts the clay from 
running. It lan Ik* used on the outshlcs of* 
crucibh's ami on furnace walls with licnclicial 
effect. "Jlie wash must lx* rctu'wi'd fro^i time 
to tinu* owing to the oxidation of the SiC. 3'ho 
clay UM(l as a bond should Ik* jvn free from 
lliixcs as possible, • 

I j Wry 5cns<' .SiC aiticlos are made by mould* 

I mg or pifssing the desired shajK'f^i carbon 
1 bonded with tar. 'I’Ik* carbon is then sub- 
jected to till* a<tion of silicon vajxnir at high 
Uyn|KTatiires. 'The silicon jicrict rates into the 
port*s ami unites with tlui carbon to form a 
I dense (lystallifli Si(! body without disinU'gra- 
t^oii or warping of the article wliich is lading 
made. 

! §(54) 4St'MMAitY. - - In t mdusion, a tabu- 

; lated summary of tlie principal jirojK'rties of 
! aveiugi* n frai toru's. gifen on the followdi^ 
j |mge, will be found of service, 
j The following table gives the ap)>roximate 
I 8|H*cilic lesistiiiioe (ohms* per wj. cm. jK'r cm. 

; thick, exci'pt where stated) of samjilcH of 
1 coiiiimTcial bricks: 


Silica \ . . . ' 125 Meg 

2 38 Meg 

76.5.000 

.3()0.(HH) 126.0<H), 62,(HH) i 30,tHHj 

16,500 

8420 

Magnesia . . ,137 Meg. 

.5 00 Meg. 

1 24 Meg. 708.(HH) iSfiO.OOO ;193.(KH) 

67, 4(H) 

22,400 

2.500 

Zireonia (natural) . .134 Meg 

558,000 

224.0(K) 

i3i,,30(i: 53,8t)t) 7,:yo 

2.100 

068 

412« 

Bauxite . . .133 Meg. 

109.000 

.32,.500 

17,200 ' 0.2(H) j 6.1(H) 

.5.690 

2,2(X) 

1100 

Fireclay (Olrade A) . t 137 M**g.» 

.57,0(K) 

20,600 

10,800 6,55K)' 4,100 

2, 4(H) 

1,420 

890 

Bonded carborundum 



! 1 


* 


“ t'arbofrax (’ ” . . 127 Me:; 

835,000 

477,000 

197^)0 , 75,000 29,.500 

15,200 

10,100 

8590 

Bonded carbonindnni 


• 

7,420; 6,.3!o^ 4,160 

1 



“ Parbofrax B . . 107,200 

12,5,50 

• 8,220 

2,420 1 

1,435 

746 ! 

Rocrystallised carborun- 

• 


j ' 


1 

dum (Refrax),no bond- , • 

ing material . . . 106-9 


5-2.5 

4 11 3-11 2-45 

1 

1 

2-05 

• 

1-74 

1 

162 

1 


’ Hartmaun, Sullivan, aijd Allen, Trans. Anisr. Electrochem. Sor., 1910, xxxvUl. 2S9. 
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The analyses of the materials are as 
follows { 



SiO^ 
Per cent. 

Fo.Oj. 
Per cent. 

Silica 

04-8 

• 02 

Magucaia 

6*0 

0 3 

Zirconia (natural) 

21 5 

0 7 

Bauxite 

4^)4 

Oft 

Fireclay 

504 

08 


Tho bibliography of nifraciorioH is soattcrt'd 
thnjuj^huiit almost all branches of teclmical 
literature of a metallurgical or general sowm- 
tific nature. Papers doahng with ndractoni's 
are to be found in tlie publication of Tho Fara- 
day Society, Iron and Steel Institute, (Vramic 
Society, American Ceramic Society, S<xuety 
of Class Technology, Afficncan Inst, of 
Mining Engin(*cring, and in Revue, de MH. 
Compies Rendiis, Sprechsaal, Technologic I'ajiers 
of the liiiroau of Standards, U.S.A., and many 
others.^ E A c -P 

KEFRACTORIES USED IK CLASS- 
M.AKINC 

§{l) Introductohy, — The refractory materials 
used in tho manufacture of glass can l)e divided 
into two broiwl classes, viz. those which are 
in atitual I'ontact with the molten glass and 
those which, ^vhll8t exposed to the action 
of dust or volatile products of glass-making 
reactions, are not in direct contact with 
the molten glass. For both classes, resist- 
ance to prolonged exposure to high tempera- 
tures is essential ; but, in addition, the 
refractories (such, for example, as poti and 
tank- blocks) which are in direct contact with 
molten glass must resist the corrosive action 
of tho glass batch and of tho molten glass. 
These rofractoriiis, such as pots, which are 
required to hold a considerable weight ^of 
molten glass and arc exposed to high temjiera- 
ture on both mner and outer surfaces must 
possess a high mechanical strength at found- 
ing temperatures. The founding temperatures 
necessary Jor efficient glass-melting are rarely, 
if ever, so high as those necessary for such 
metallurgical operations as steel - melting. 
Qlass-melting furnaces seldom exceed a tem- 
perature of WOO^-LISQ? C., so tl^at from the 
purely tem|)erature point of view the condi- 
tions are not very severe, but in all oases of 
exposure of refractories to high temperaturws 

• 

* See also Refractory MaieriaU, A. B» Searle ; 
A Trtaim on the Ceramic Indugtriei, A. Boiury ; Re- 
fractories and Furnaces, Havafd ; The Clayu^kers’ 
Handbook^ Searle ; Fabrication et emploi des mtteriaux 
et produtts rifractaires, Granger; Die feuerfesten 
Tone, Bisebof ; Die Heretellung der feuerfesten Baustoffe, 
Wernicke. 


the time factor | 
The run of a sfl 

8 one of major ^importance, 
el-melting furnace docs not 

AIA i 

Per cent, i 1 

FaO. 
er cent. 

MgO. 
l*er »ient. 

■no, 

Per cent. 

ZKV, 
Per cent. 

1-8 1 

2 4 

0 3 




3 1 

S4 1 



4-7 i 

0 0 

0 0 

or. 

72 0 

55 •! ! 

(. 2 

j 0 0 

2 7 


45 5 

0 ■ 

0 8 

1ft , 

■■ 


often )‘xcee<l eight or ten uc^’ks, but in a glass- 
melting tank the full heat is mamtamed for as 
long, in some cases, as two years, whilst a life 
of from eight weeks to as inucli as thirty or 
forty weeks isexjiecL'd from glass-molting pots, 
except m the sjiecial case id those iukhI for* 
optical glass-mcltmg. Fnwi the time point 
of view, ibcrt'forc, the glass furnace conditions 
am much mom stringent than am those of tho * 
stecl-mclting furnace. 

§ (2) Silica Riui ks. — In thost* jtarts of both 
pot and tank furnaces which arc not exjio.sed 
t<» dir<‘ct contact with molten glass such, for 
example, aa the crown and upjM'r portions of 
tho wall8.0i.he pillars of pot furniR'i's, the jiorts 
of tank furnaces— silica bricks or blocks art^ 
almost invariably cm|)loye<l. Th('*’**fiim))era- 
tures and conditions met with in hotli tyiK'S of 
furnace an* such as to he favourable to a long 
life# for silica bricks of good iif ility in sucli 
situations. The most inquHant diffcn'iico in 
the Ixdiaviouroi iiri'clay and silica refractories 
isAhat on the fust continued heating the clay 
wall shrink * and the j}f)res close up, while witli 
the latter the in\i*rsion into a hghti'r form 
of .silica will <*ause a iH*^anent increa.so in 
volume. Tins tendency of silica bricks Uf 
ex]»and on continued fixjiosurc to hign tem- 
}K?ratum is an import.ant /actor in tlieir uw<, 
as in crowns and pillars in })articular tho 
absence of shrinkage is desirable m order 
to maintain tho mechanical stability of tho 
structun-. 8(‘mi-8iliea bricks in which tho 
proportions of firoelay and silica am so 
adjusted that the .shrinkage of the fimelay 
is neutralised by the swelling of thf3 silica, 
whilst rather less mfrw'tory than silica bricks, 
am also occasionally used for jK)HitionH in 
which constancy of volume is important. ** • 

A further important factoj in connection 
with tho use of silica bricks in tho crowns of 
furnaces is that “ droppers ” formed by tho 
action on tho hriiiks of alkaline dusts and 
vapoufs am readily soluble in the glass and 
thereforo do not form “ stones.” 

The manufacture and properties of silica 
bricks are discussed in the article on Refrac- 
tories, §§ ( 29 ), ( 36 ). 

The texture of a silica orick is important. 

• See “ Refractories,*’ K (g), (33). 
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Afwuming t]iat its ohomioal X;oin]>o8ition and 
refractoriness are otherwise ^satisfactory, the 
Isdiaviour of the hrick will lar/^ely dejieiid on 
it^ texture. On examination, a silica hrick is 
fW!en to consist of traj^inents of crystalline silica 
set in a matrix which is often ^hiasy in char- 
acter anrl is mainly composed of calcium- 
silicaU'H, calcium -iron-sihcatoH, and calcium- 
alummo-Hilicates, The size and shajK' of the 
fra^nnents of silica have a delinife influence on 
the liehavitnir of the hrick. The hrff-k should 
Im 3 comfjosed of aiif^iilar fra^niumts of varying 
size from \ inch downwards, together ^th a 
proportion of fine pi'wder, so that, as fh con- 
crete, there shall Im 5 as few voids as po.s.Hihle, 
'rhe coarser-grainod ojKm-t<>xtured hricks will 
i-esist abrupt temperature changes iK'ttcr, hut 
will he less resistant to the }M‘,netrating action 
of dust or vapoui-s 
from the glass hafhh 
and to the abrasive 
► actmn of hot gases. 

'J'h(» ti'xtiire to he 
selected will de fiend 
on the conditions 
under which the 
hrick is to Iki used, 
but m the n^ajority 
of situations in th(‘ 
glass fuVnkce, bricks 
of uniform text uni 
containing no frag- 
ments hirger'^ Ihan, 
say* t inch diameter 
will give the hc'st 
results. Whether 
the texture selected 
1)0 coarse or fini', 
however, it .should 
^ 1)0 uniform through- 
out tiTe hrid'v, In 
average unuse 1 

silica hricks a largo proportion of the silica 
is still in the form of (juartz, there Ixnng 
only jiartial conversion into tridyniiti' and 
cristohalite. A silica hrh'k which hail been in 
use for several years m the crown of a glass 
tank-furnace with a normal founding tonifiera- 
ture of 1,‘foO" ('. was recently examined by the 
author. It showed three distinct division.^ : 
the end which had Inien exfiosi'd to the furnace 
ceonsisted^almo.st eutindy of tridymito^ith''ome 
cristobalito (soq Fkj. 1); the middle portion 
shoAvedindicationsofsomeinversiontotridymito 
and was sfightly fiasuredi w h ilst t he outer portion 
of the brick was unchanged. The total incroaso 
in volume of the silica brick during its'use in 
the furnace Jiiay be divided iiAo three phases, 
each caused by the action of different factors. 
Therti is, first, the teihporary increase W'hich 
is reversible, and i^s compounded of the usual 
thermal expansion and the volume change from 
the a-/3 quartz inversion. This volume change 


i 


> 




l' 




T I 4,- , '• 

. ii 
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cannot be avoided, and, as it is considerable, 
great care is essential in heating up a silica 
brick stnicture. I’lie rise in tem|X)ratur^ must 
U* gradual and regular, and the furnace tie- 
rods must be slackened at frequent intervals 
or the stresse-s set up would cause them to 
snaj), .with disastrous effects to the structure. 
In cooling the furnace the converse precaution 
IS equally necessary. Secondly, there is the 
fxirmaricnt expansion duo to the inversion of 
the original (juartz to tridymite or cristohalite 
and, thirdly, there is the increase in volume 
due to the fact that the new’ly formed crystals 
of tridymite or cristohalite are not so orientated 
as to occupy the minimum volume. It is un- 
desirable that the silica bricks used in glass 
furnace construction should contain more than 
20 to .‘{0 |ier cent of unconverted quartz, par- 
ticularly whtui u.sed 
in huildmg walls and 
pillars when! expan- 
sion accommodation 
cannot readily he 
firovidcd. Even in 
crowns, etc., w’hero 
cxpan-siliri can Ijeo 
allowed for, a low 
content of uneon- 
’’crtcd quartz is 
advantageous, as 
changes m shape or 
contour are avoided. 

§ (3) Mei’hanic'at. 

Puorr.RTlKS AND 
Tests --The mech- 
anical strength of the 
bricks is impoitant 
for situations in fur- 
nace.s, etc., when) 
loads have to Ixi 
carried. It has lieen 
suggested (American 
(Vramu! Society report on tentative speeifica- 
tions for glass works refractories) that the 
effective modulus of rupture of silica bricks 
could 1 h‘ easily measured and that a standard 
fi-ineh brick, supported oi. knife edges w'ith a 
()-iiieh span, should have an effective modulus 
of ruptim* of not less than lbs. per square 
inch. Bricks which conform to the follow'ing 
HjH'cification should gix e satisfactory results in 
practice. 

(a) Chemical CowposiPow.— The bricks shall 
contain not Jess than <J4 per cent of silica and 
not more than 2 |)er cent of lime. 

(6j Test-pieces shall not be 

more fusible than Cone 32 (1710° C.) when 
tested under standard conditions. ( See note (i.).) 

(r) A i, 'parent and True Specific The 

appap>ut specific gravity shall not be less than 
l-fiO Skid the true specific gravity not higher 
than 2-40. (See note (ii.).) 

{d) M echanwal Strength . — The cold crushing 


J j 


1 
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strength of tho brick tested nn end shall not 
be le^ than 20(K) lbs. per sq. in. 

Under a load of 50 llw. j)cr sq. in. the brick 
shall not crush or s(juat at a tcini)eratun> lower 
than that oquivaloiit to Cono 20 (1530" 

It is desirable that the surfaces of tho bricks 
should bo true so that they may lx!> us%d with 
tho minimum quantity of cement. There 
should not Ik‘ a greater variation from any 
specified dimension than + 2 jier cent. 

(i.) 7'c.«f.s.~Tho .Standard Methods of Testing 
of the Ceramic Society aro rccommendeil. 
Silica, in common with most refractories, has 
not a definite softening temjieratiire, but there 
is a range of temperature within which it 
begins to lose its shajie and commences to 
flow. Two dustinctive projK*rties of silica n‘- 
fractories may be n'fcrrcd to here. Melts 
derivcfl from silica have a very high viscosity 
and thus form a thick prqj.ective fluid layer ; 
tho melting-pftint curve is a flat one, and there- 
fore at high t<'m|H‘ratiir<‘s a largi' jirojiortion 
of silica nunaius m the solid stat^* (‘ven in flu- 
jiresenco of marked quantities of impurities. 
A further f^'tor >>f imjior^anci' is th(5 high 
•reflecting power which molten silica jiosaivsses ; 
heat loss through tC.e brickwork is thendoro 
diminished, whilst the intensity of radiation in 
the furnace is maiulaini'd. 

(ii.) Spenjir Ordnti/. — Tho true specific 
gravity (or powder deiisitv ) is not an absolutely 
definite indication of the extent of conversion 
of tlie (piaitz, owing to the efTect of variations 
in the proportion of lime or other bonding 
ingredient jiresi'ut in the brick. With all 
normal tvfsis of brick, however, a powder 
density of 2 32 would indicate a fairly com- 
jilete conversion of tin* ijuailz, whilst 240 
would mdicat/O the presence of about 30 iler ^ 
cent of unconverted quartz. • 

(iii.) Sihcn ('(mcni . — The minimum quantity 
of cement to secure jiroper jointing should be j 
used, and m building crowns and arches it is I 
good practice to lay the bricks dry and apply 
tho cement as a grouting. The cement shopld 
be only slightly less refractory than tho bricks 
with which it is to be used, and it should in- 
variably Ix' finely ground. 

It IS essential that silica bricks .should be 
adoquatoijy protected during storage. Ex- 
posure to a moist atmosphere, and more 
particularly exposure to rain, causes a consider- 
able diminution in mechanical strength. 

* RkfAiencks • ^ 

Society of Ulass 'I’cchnology. ” Provisional Specifi- 
cations for Glass Refractories,'* Trantt , 1919 
R^es, *■ Silica Refractories for Glassworks Us^” 
Jour. S()c Giafig Tech , 1918, 263 
“ Standardisation of Tests for Refractory Materials,” 
Trang. Cer. Soc. xvil. 300. • 

Rees, "Critical Review of , Provisional Speclflca- 
Uons,” Jour. Soc. Glagg Tech, vl 181. • ' 

Thomas, Hallimond, and Radley, Speciar Peports 
on Mineral Regourceg of OreM Britain, vol, xvi. , 

Johns, " Glass Industry Refractories,” Jour. Soc. 
Oku$ Tech. 1. 127. ' 


§ (4) Pot FniwACKS.-— The lowpr portions of 
the walls of jM>r furnaces may lie const nicted 
of fin'claj bricks or blocks. Modern giVH-lin*d 
furnaces are <if two typi's^ ix'CiqH'ralivo ^nd 
regenciative. Tlie siege or floor of botli tyjs's 
shouhl 1 x 1 constructed lin'clay blocks w hich 
will withstand the corrosion of glass and must 
lx* .siiflicieiiih well huriu'd to inhibit furtlier 
contraction during use. For moderabdy bigh 
U'n.jicraturos siul. ivs tliosii omjiloycd in the 
melting lead gktsses for table wiyt', etc., the 
liniils of cl.cmical conqiosition and physical 
pnip'Tties of siege blocks aix' wide, but. m bigli- 
tenifi^rature furnaces the conditions are mom 
stringent. In the lalG'r case the lefractoriness 
should not 1)0 lower than (’one 30, the volume 
jxiiosity not givakT than 30 jier cent, and the 
after-contraction (under stjindiird U*st) should 
not exceed 15 pt'r cent linear. Very high 
PuniM'raturcs arc frcqiicii'tv tlcvclo|H'(l in the 
‘‘(*vo” of rccuiKuaiivc furnaces, and for such 
situations high refractoriness and adcijuate^ 
burning of the blocks is essential. 

§ (.■)) HiX'i' PKKATou.s.-- 'Phe bricks (Miqiloyed 
m the bmklmg of recuperators must Iki of hov 
jiorosity, must not dcveloj) cracks on long 
beating at tcuiqieratun^s iqi to lOlKP’-lKKF 
or cxhiliit any marked permanent volume 
changes, ('racks or sbriiikagc m the bricks, > 
tiilx's, or tiles may lead to tbi' devfl'opinent of 
leakages wliU’b would siTioiisly imjaur the 
eflicieney of the rcciijs'rator. Tlie mcu|M5rator 
nilly Ihi constructed of (u) adf.piatcly burned 
fimelay inabTii^l. The aflA-eontraetioii under 
standard te.st should not exceed 1 per cent ; 
aftd, esjK'cially where tili'S ar<‘ emjiloyi'd, the 
incehanieal strength at tlu^ reeiqierator tem- 
fM'ratilVe must Ih‘ sunicu'iit to jirt'cent sagging. 
(/>) Ado(pia^<'ly biirtu'd suni-silica luakTial (81) 
to 8.“i per emit silica). In the use^o^ this tyf^) 
of rofrai-tory, as with silica ntfractorTes, care 
in heating is essential. •Cobb and iloiilds- 
w'orth have shown tliat the presenee of the 
clay only masks the volume changes due t<o the 
a-/i quartz inversion to a very slight extent, 
unle.sH the (piurtz has Ixs'ii finely ground and 
the qiiailz-lireclay mixture highly burned, 
(r) Highly converted silica maP^rial with a 
fine matrix and uniform te.xturc'. Its higJier 
thermal condiictivitv mnders this material very 
advantageous for the })iirpo8c, Tho after- 
cxpansii^i of U5 jx'r^ent silica mc^rial con# 
tainirig not mom than 2(J 4 x*r cent of un- 
converted quart-z will be small. ^ 

§ (fl) Reoenkrators. — In modern practice, 
silica^ bricks am used for the filling of regener- 
ators in pmfejjonco to fireclay bricks, because 
of their gmater mechanical strength at high 
teraperatums and theif higher msistance to the 
fluxing action of dust w hich may lx* brought in 
with tho gas or carried o^er from the furnace. 

A coarse-textured brick with a porosity of 
25 to 30 per cent should be ^se^. The best 
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thickneiw of J>rick for effioientlieat infcorchango 
is from 2 to 2^ inohos.^ A periodic cleaning 
of wgoncrators is desirable, in order to remove 
dust ; sucii ^j)parently drastic metliods 
as firing a small charge of coarse* blaesk powder 
int4i the lower portidfi of the n^gencrator or 
(when firebrick fillings an? employed) washing 
out with a high-prossuro water hose give good 
results. 

§ (7) Pots. — Glass-melting pots are made 
from a migeturo of a plastic refracff)ry clay 
with “ grog,” which may Ik) either carefully 
cleansed potsherds or fireclay pre-burnt m a 
high tcmiKsratuni. The quantity of ‘‘ ffrog ” 
which may be usc^d dc|)ends on the binding 
j)owcr, jjlasticity, and grain of the clay ; with 
” fat ” clays os much as CO per cent (by volume^ 
of the mixture may Ixi used, but with “lean” 
clays, sucih as those of Stourbridge, the pro- 
portion seldom oxt^eds 20 jK'.r cent. Modem 
practice is tending in tlie direction of using 
•more com])lex mixtures, partieularly for ])ot8 
for the molting of tlie newer tyjics of glass such 
as laboratory and resistant illuminating glass- 
ware, which necessitate a high founding tem- 
perature. Three or more constituents may 
bo used in those mixtures, viz. a plastic or 
“ fund ” clay, a refractory base elay,»nd grog 
or fireclay which has Ixien previously burnt at ; 
a high telUperature. In order to obtain uni- 
form resistance to corrosion it is desirable for 
the grog tef 1)0 prejiartnl from a mixture of the 
raw clays enipl(>^cd or to have a similar dogfee 
of resistance to solution or corrosion as the 
mixture of raw clays. Much discussion has 
taken placid during the last few years as to tHo 
itilative merits of (vluminous and siliceous pot- 
clay mixtures. Wliilst, in general, alutninoua 
qlays am more resia'ant to the qjirrosion of 
complex ty|X's of glass, there are several 
factors ^whieh Meed consideration liefore such 
mixtures are adopted ; first, their great (an<l 
often continuing) contraction at high tempera- 
tures ; second, their low' mechanical strength 
at high tem|)eratures, which may, especially 
with heavy glasses, lead to bulging of the pot 
wall and even to actual collapse of the pot ; 
third, their tendency to cause “ wreathy ” or 
“ stringy ” metals because of the difference in 
viscosity lietwoen the layer of glass in contact 
with (and interacting with) the pot wall and 
Cho rest of, the glass. ,, «• 

Siliceous clayr have, in general, a smaller 
eontraotiop than aluminous clays, and pots 
made from them have greater mechanical 
strength at founding temperatures. Because 
of this, pots, such os plate-gli^ss pits, which 
are handed while at a high temperature are 
frequently made from^ admixtures of high- 
silica sand with fireclay, in order to give 
them the necessary ^mechanical strength. For 

‘ See noinents, ''The Open-Hearth Furnace,’* 
Jour. Iron (iiu( Stojl InttituU, 1022. 


normal glass-making, good results are obtained 
from pot-clay mixtures giving about 70 per 
cent of silica in the burnt pot. When, to 
obtain necessary resistance to corrosion, alu- 
minous mixtures are used, it is essential to use 
as large a proportion as jiossiblo of highly 
burnt #grog, in order to reduce shrinkage. 
The grog employed must always bo angular 
in character, so as to obtain good packing and 
offer the maximum surface to the binding 
action of the raw clay. The pot-clay mixture, 
when toin|)ered with the correct proportion of 
w'ater so that the maximum tensile strength 
of the plastic clay is obtained,* should when 
subsequently fired have a regular shrinkage 
curve, should bum dense at 135(f-14()0° G* 
and should not exhibit indications of over- 
firing (“ bloating ”) at l.'jfX)'" C. Some of the 
silicAious clays show breaks in the shrinkage 
curve at t>()0‘^-70()‘’^f'. due to the a-/t inversion 
of the quartz prestmt. 1'he drying shrinkage 
of the mixture should not exceed 15 per cent 
by volume, and the shrinkage over the tempera- 
ture range 11.50°-1450° C. should not exceed 
4*5 i)er -ent by ijplume. A tablg of chemical 
analyses for typical pot-clays is given on the* 
opposite pag%. 

§ (8) Manufacturk of Pots, (i.) Hand- 
made PoUi . — When the pftts are to Ihi made 
by hand, <‘ithor with or without moulds, the 
tempered mixture of clay and grog is stored in 
a cool dark ])lace for a period varying from one 
to six months, so that it may mature or sour. 
During this storage, uniformity of distribution 
of the wrater is secured, and there is frequently 
a definite increase in plasticity and toughness 
duo to hydrolysis and jirobably to flocculation. 
In some castis the clay is jmggod or “ trodden ” 
af intervals during the souring {leriod ; if 
pugging is ado])ted it is important that the 
angle of blade in the jiug is such that air- 
bubbles are not drawm into the clay. In 
building by hand without a mould it is cus- 
tomary to suspend the operation at intervals, 
in-order to obtain uniform drying as the 
thickness of the clay decreases. Small pots 
are successfully made by ramming the plastic 
clay into a wooden mould, but although much 
time may be saved by the employment of a 
mould or shape, this method is ijot to be 
recommended for large pots from which the 
maximum life is desired. Elimination of air- 
bubbles is difficult and uncertain, and freedom 
from lamination is noteeasily secured. With 
covered pots, when moulds are employed, the 
hood is made separately, and subsequently 
joined to the body of the pot. This plan is 
al«o adopted occasionally when hand-building 
is employed. C. W. Thomas has suggested 
a method of joinirtg the two portions of the 
pot wriflh an asbestos cement.* 

* See “ Refractories,” } (6). 

• Trans, Soe. Glass Tech. iv. 107. 
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I (ii.) Slip-cmlith of PotA, — ^Thia method of 
j jBit -making is Jiiployeti to a ionsiderable 
. extent in Ctermany anii a lesser extent in 
! Kngland and America. IJy use of suitable 
' iletiiioculents a deiiRC' slip i# obtained. With 
j clays of low plasticity niirh larger proiKirtions 
! of groir or other non-plastic ingitMlient may be 
; us(‘d when slip-casting is adopted. In de- 
flocciilated slijis of high density (40-45 oz. jier 
! pint, then is little or no settling of the grog. 

[ It Ls dchi^iblc to a.H(‘<Ttain exixTiin^ntally the 
I Invst detlocculiitor to u.se for any particular 
I clay%r mixture* ; with the majority a mixture 
I of soiAum carlionate and sodium silicate is 
! satisfactory, but with some clays a lM’tt<er slip 
i.s obtained by hubstituting sodium hydrate 
1 for sodium carbonate.* W'elier * has referred 
to the gelatiniHing action of certain soluble 
.salts (c.i/, sulphates of caI<Mum and the alkalies) 
i occasionally prcsi'iit in chi’# and to the neees- 
\ sity for tlu'ii neutralisation by iirecipitation 
i (barium carbonate or hydrate may l>e used) ^ 
I before' proceeding with the detlocculation. A 
; satisfactory sliji will contain very Iittlc^moro 
water than is presi'iit in a jilastic clay of proper 
consisti'iicy for ]*r('8sing or throwing, i.c. from 
15 to 2d per cent. ; it should remain liquid for 
some tiii^ when at rc'st, so that when the 
mould is filled the difTerence in volume caused 
by watcT ab.Horjdion by the ])laHtop«*nould is 
equalrsi'd by the still Iluid sli]). Irregular 
contraction and msultant i racking of the cast 
po# an* thus obviated. The i#' of hot water 
I 111 the pix'paration of slips infrequently advan- 
I tageous. The following are exanijiles of the 
i and (h*floc(‘ulent content of satisfactory 
' slips for pot-( Hhting : 


5 2 5 a. ^ ? I b’ I 


S L: ;; r; « Tc S! j E j 
g o -- C, o o c ^ I- g 5 
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® o ic c. X Cl ' ^ 

* * b -t ei X o 

^-c-^occox 5 




With Stourbridge < lay 

('.*5400 grm. t'lay. 

KriO „ tirog 

iiin'oi t „ Pill nun hfd rate. 

' Mulcr I r> ., So*hnm carhonat*’ Innhydrons). 

\ 11 c.c. Soduim hilicatc, density I S. 

With Meissner t lay : 

i grm. ( lay 

• , I 2400 Grog. 

I I 5 „ SoiJiutn carbonate (anhydrous). 

I y 2 r.c. iSodinrn silicate, density 1-3. 

i With American pot clay mixture : 

• • * 

j Per ( 4500 grrn. Pot clay (oontgiining 26 % grog). 

I hire of I 5 „ Sodium silicate, density 1-6. 

' water, { 0 5 „ Sodiyin hydrate. * 

I 

j Th# vacuum casting process of B. J. Allen * 

1 presents certaifi advantages for casting com- 
i plex shapes, hut for normal-shaped pots, etc., 
a simple mould and cto'c is quite satisfactory. 

* See '* Refractories,* H (7), (15). 

* Tram. Cer. Site. viil. 1, 

* Tram. Hoc. Ola$$ Tech. Hi. 78. 
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§ ( 9 ) Tiib^ Lining of PoTs.^Incroascd resist- 
ance to corrosion may bo rVitaincd by lining 
pots with a material which on firing gives a 
dense body adhering well to tho pot w'all. 
Mixtures of a refractory clay [cjj. china clay) 
with from 5 to lo for cent of felspar give a 
satisfactory lining which on firing at IIKM)'’- 
1400 " (’. is fiorcellanic in character. The lining 
is applied, during the building of the pot, m a 
thickness of one-quarter to one-half inch up 
to the metal line and is continueil ufiwards for 
0 to 9 inches in gradually diminishing thick- 
ness. Dilliculties may Is', expiTienced^ with 
lined pots if the contraction of the Ifhing lh 
excessive , the sudden cooling produciul by 
the insertion of cold batch into the hot jxjt 
may also cause crat'-ks in the vitrified lining. 

§ ( 10) Thk Diiyino of Pots is an ojicration 
requiring considerablo care and control. 
Irregular ilrying ufliy sot up strains whiidi will 
cause cracking of the pot : (K'casionally cracks 
•- so formed may be so minute that they only 
become evident during the subsiMpient heating 
of tlie pot.‘ Drying may Ix' safely cKjiedited 
by employing chambers in whu*h the humidity 
is controlled. *' Humidity dryers”^ are now 
installed in some of the modern ])ot-making 
plants, particlilarly in America. A(^t drying 
it is customary to store the pots for ufiwards 
of one rflTDtith at a tenqierature of about Oo'’ F. 
in onler to “ season ” or comjiletely air-dry 
them. 

§(ll) Tiitc d'oT Arch. — I n this the pre- 
liminary heating of the pot, prj^ir to its tran.sfcr 
to th(^ furnace, is conducted. It is generally 
coal or coke tired, but gas-Hrmg is now v#ry 
frequently adopted. PyroiiK'triir (ontrol of 
the rate of heating is desirabhv Th(“*rate of 
heating over tlu' t^'n^pm’atuii* ratqjc, 4r>0"-(l.o0‘' 
during whi(!h the clay is dehydrated ami 
the a-)H ciiarge tak('s place in the quartz 
present in tho clay, must bo slow. A satis- 
factory heating schedule b)r normal-sized pots 
is: 1 day, 7rF ; 2 day.s, KMF i'. ; .‘1 days, 
350'’ C. ; 4 days, 550" (’. ; 5 days, 700° C. ; 
(j days, 900° C. ; 7 days, 1 100° (\ 

§(12) VlTUIFK'ATlDN OF TIIK PoT.— At the 
maximum pot-arch temjieraturo the pot is 
still in a biscuit” condition. In this condi- 
tion it absorbs and is readily attacked by 
molten glass, tho rapidity of 'the attack m- 
creasing rapidly with rise of tiMuoerature. 
After transfer t-o the furnace it is therefore 
desirable to heat tho p«)t to the temperature 
(1300°-1460® C.) at wh’cJi vitrification takes 
place in the particular clay mixture concerned, 
before glazing or filling on cullet or Wteh. 
Tho vitrified- clay may be considered as a solid 
solution of aluminium silicate wdth free 
alumina or silica, and in contact with the 
alkaline gloss batch tho free silica or alumina 

‘ Sec ” Rcfroctorlcs,” § (17). 

/ See ibid. § (14). 


dissolves and there is a separation of alu- 
minium silicate in the form of sillimanite. If 
the pot is completely vitrified lief ore glazing, 
a uniform layer of sillimanite is formed on 
contact with tho glass, but if glass is brought 
into contact w'lth the biscuit clay the forma- 
tion sillimanite w ill lie irregular, and internal 
corrosion and vitrification may ))rocoed simul- 
taneously. (Shepherd and Rankin have in- 
vestigated the formation of sillimanite from 
melts containing dilica and alumina (see dia- 
gram for binary system AljOj - NiOj).* The 
formation of a uniform internal layer of 
sillimanite considerably retards tho corrosion 
of tho pot wall. With aluminous clays corun- 
dum may crystallise from tho molt formed on 
contact with molten glass. F. M. Anderson 
has suggested a diagram (Fi'iy, 2) to illustrate tho 
conditions existing at any given time in such 



Firebri.'lc 


KIG. 2. 

the eornjiosition of the clay (one molecule of 
Iviiolm with a little excess silica). Soda is 
addwl along the vmtK'al ordinate, tho hori- 
zontal distance Ixdweon the vertieal and 
<d)li(juo lines representing the molecular pro- 
portion of soda pre.sent at any given time. 
At tho section AB a felspar molecule NajO, 
AJ2O3, CSiO.j and a proportion of sillimanite 
are jiresont ; Ixdow AB some free silica occurs. 
Above AB free alumina occurs, and as the 
proportion of soda increases the sillimanite is 
absorlx'd, its silica and some of its alumina 
going to form felspar ; w hen (’1) j,s reached 
the w^holc of the sillimanite is absorbed and the 
free alumina crystallises as corundum. The 
pot is gradually corroded as the absorption of 
soda increases. ' 

. § (ir*) “ LiFK ” OF THE GlAS8-HOU.se PoT.— 
This (assuming the pot to be physically sound 
when brought into use) is dependent upon the 
o< mposition of the glass batch which determines 
the cherhieal interaction lietw'een glass and pot, 
the temperature of 'melting, and the viscosity of 
tho restiltant glass, and may vary from only a 

* 80c “ Rofractorlt"!,’' § (21). 

* Trans. Soe. Glass Tech. il. 204. 
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few (lave in the case of such corrosive glasses as 
cryolite-ftuor8j}ar opal to upwards of a year 
with lead glasses such as are manufactured 
into high-grade tableware. Other factors, 
such as abrii])t <lianges of furnace tcmjx'ia- 
tur(‘, local overheating from ^lcfcotl^c gtvs-air 
balance in the furnace or ili'b'ctive furnace 
design, chilling from contjwt Mith largiApian- 
titios of cold (or wet) batch, have an im- 
portant influeneo on pot life, but are largely 
under the control of the glass manufactim'r. 
Dr. VV. Itosenhain h;is jiomted out * that for 
every glass there may In* a certain range of 
tem{K*raturo above which that glass attacks 
the pot i\ith undue rafudity. It should Ixi 
jM)S8iblo to (let-i'rmme expei i mentally for a 
given glass and pot clay a curvi' conneiting the 
rate of pot attack with Punpcratuiv ; such a 
curve would indicate the maximum t<mii>cra- 
tui'c range which could lie omployi'd FAfH'ii- 
ments conducted at tlu* National TMiy.sical 
Laboratory indicate the important ('ffcct of 
the circulation arising in tlie [lot as the n'sult 
of changi's of density produced iiy tiu' inter- 
action of the glass and thi'^wall of the pot. 
^'ho density fif a molten ghuti of rioi’inal tyjie 
IS lowi'reil bv the solution of clay in it, and 
an u|)ward curnmt along the iioCwall will be 
caused. This upward tlow' is comjH'nsat-e<l by 
a downward flow' a little further from the pot 
W'all ; contact of this current of fresh glass 
with the pot increases the rate of corrosion, 
and may vm-y largely account for the relatively 
gri*ator corrosion on the bottom of the pot and 
the lower portion of the pot walls. It should 
be noted, too, that the pot bottom may lx; less 
vitrili(‘d than the wall of the jiot, ami, as tin* 
more n'sistaiit layer of sillimaniti' will not have 
develo|HMi, that portion of the p<tt will be nio^e 
susceptible to glass attack. Similarly, the 
formation of suifaee lurrents from the cT-ntre 
to the walls of the pot accentuat/(‘s corrosion 
at the metal k'vel and results in the grooving 
of the ])ot, 

A fre(|m’nt caust^ of pot failure is the “drill- 
ing ” of the bottom or the formation of “ slfot 
holes.” This may Ih^ due to the jiresence of 
impurity, such as pyrites, in the jiot clay, but 
i.s also explainable by the “ circulation ” 
theory. A shallow dejire.ssion may rapidly 
deepen itlelf in the absence of a suflicieiitly 
vigorous circulation in the })ot as to withdraw' 
gla.ss continually from the depression. The 
entire attack^phenomena of the jiot would be 
reproduced in the dcfirfssion, and^he corrosion 
on the bottom of the depression would he 
accentuated as the more soluble layers of 
are exjioscd until, ultimately, actual “ holing ’ 
occurs. Ixical corrosion may con^quenily 
dofX'nd on the precise nature and ext.cnt of the 
circulating currents set up in the pot^duriiig 
the founding, or even during the working, of 
4 Trans. Soc. Glass Tech. Ul. 98. 


the metal, f he Establishing of this rinulaUon 
law (by Koscnha|i and Ct^ad-Pryor) governing 
Uie corrosion of* lie pot during glass-melting 
is an important advance in the study of tho 
iiiecli imsm of the intoractioa of pot and gla««. 

§ (14) Pots l ou (li ass Mki.tino. — 

Siiue ])ots foi thi.s purjio.st* aix'. in general, 
isetl for OIK' melting only, they can Ix' made 
considciably ihinncr iii tlu' wall. As, in some 
ca.si's ii neeos'-i*v to foiiiiil at much higher 
tem|x IMAM'S than is customary in I'ontinuous 
glass ineltinp in pots, the pot mus# In* highly 
i\‘fraiUor\ and must have suflicient mechanical 
strengjjb at founding tem|X'raturcs to carry the 
weight of the charge of molten glass, Tlie pot 
must otTi r a high rcMstancc to thi* attack of the 
melting batch and molten glass — many of the 
s|M>(ial tyjics of optical glass aie very active in 
till.’-. lespect in order to avoul contamination 
of till' glass and the <ie’||)irbanee of homo- 
gencitv through the sliriiilg into tlw glass of 
! the laver from the jiot wall, t’arc.ful selection 
of the |>ot -making mati'iials is thcix’fon'* 
esHi'iitial. 'I'Ih* colouring etfeet of non oxide 
on souk; ojitwal glasses, sui'li for exam^^lc as 
barium crowns and flints, is very marked, and 
till' iron oxide I'onti'iit of the jiot must ni'ccs- 
flarily Is- 'ow since that mijuirityjs very n'adily 
di.s.solved*by the glass. 'Die di'siderata may 
tlu'n’fore Ik* statK'd as follows : 

(u) Hefraetorincss sufficient to withstand 
founding tem|H*ra1ures of 1500 -iriffO'' ('. 

^>) Mechanical strength suOk lent to with- 
stand the hydrostatic ]ires#ure of tho molten 
cluuge at loumit.ig tcmjierature. 

.in Nigh ri'sistaiice to the sohent action of 
active gla.ssr's. 

(•/) ^ow (ontent of iiiijitritie.s which will 
di.sso!\e III and coloui tlu* glass. 

Conditions {a) and {h) ffre easily met, but Iii 
and (</) present difficulties w hiNi |ro not 
readily overcome. ’I'he iisi* of Kclected clays 
which have been juiiilicfi by blunging and 
wttling after deflocculation or by “ osmosing ” 
IS OIK method of mei'ting the flitliciilty, and the 
use of '-jiecial linings of a mixture of juirilied 
china clay and juin*. fclsjiar is another. 
Kurojican jiracticc has lain mainly in these two 
directions, the jxits being Bubseijuently built 
by hand or in sonu* casi'.H made by slifi-casting. 
It IS e.Hwiitial that the grog used should lx? 
highly calcined and, when crushed, of an 
angular f'harnetor, ai%l the pot -clay mixtunf 
should lie adequati'ly matun*dT As m ordinary 
glass-melting in pots, the physical condition of 
the pot is an important factor in its resistaiux? 
to corivision. If the surface of the pot has 
been made dinse by vitrification it is more 
resistant to the solvent action of glass. The 
activitie.a of the Ameri an Geophysical I.iabora- 
tory* in optical glass production have nwulted 
in a method of removing tlie iron oxide from a 
• Joum. Amcr. Ceram. Soe., 1919, 35fl 
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fH>t hy passing chlorin^gas* into it whilst 
at a tem]>nrature of 100^'^-12(X)® C. The 
chlorine is introduced into tiie pot so that it 
first impinges iij)on the lM>ttom in order to 
iwnove iron wherj the corrosion during melt- 
ing is greatest. Tljp forrio chloride formed 
volatilises and oxidise.s on iB.suing from the 
pot, a deposit of haematite crystals Iwing 
h)rmed on the outer surface. The expcri- 
ments showed that the iron oxide content of 
the {)Ot could lie nnidily reduced hy^^ine-half ; 
unfortunafely the porosity of the jiot was 
iiiereascd by this removal of iron oxide/ and 
pot corrosion enrrcs])ondingly increased, ^o that 
the iron content of glass melted in treated pots 
was not apfireciahly h'ss than that melted in 
untreated pots, 'rhorius, how'cver, good reason 
for the contention of these exfiorimenters that 
with special heat treatment the disinti^grating 
effect of the ehlor^ie upon the jiots (loiild bo 
overcome. American practice ‘ m optii'al glass- 
^ pot mahiiig has, sinci' 1917, ih'veloped in the 
direction of the jiroduction of pots of porcelain 
type.^ The grog used was made by calcining 
to cone 14 (1410’ (' ) a mixture SO jier cent 
kaolin, 10 [ler cent flint, and 10 piT cent 
fi'lspai, hut this was subseipiontly satisfa<*torily 
replaced by tvasto bisque from white ware 
pott<'riea of the approximate comp^ition, llo 
[K^r contj^^olin, 15 per cent ball clay, 14 [ler 
cent felspar, and .40 [ler cent flint. The re- 
fractoriness of this bisque is equivalent to that 
of cone 40, bii^becauso of its high silica e^>n- 
tent it carries load W(41 at high temperatunvs. 
The pots art^ made both by hiftid and by east- 
ing. A typical mixture for making by hand ; 

Car lant 


Wliiti' wiin 5 hisipit' tliroiich 10 -incsli . . . 4.1 

Selccti'd sluTih from till', pots through lO-me.sh . 10 

^.Ispar . ' . .4 

Flint ••^ 4 , 4 

TeniU’ssi'c ball ('lay Nt^. 5 1.5 

Illinois bond clay 5 

Knolm 28 


KH) 

The eoin position (d the mixture for casting 


is : 

IVr cpnt 

White ware hisijue through lO-mosh . 48 

Plastic bond clay 23 

• Kttohy . . . . 24 

Felspar 5 


The slip used contains 20 per cent of 'water, 
0-2 ])cr cent of a mixture of*'oquaI parts of 
sodium silicate and sodium carbonate Ixdng 
uswl for deflocculatioh. Very good results 
have been obtainodj from these porcelain pots ; 

1 Journ. Am^, Coram. 5oc., 1918, 16, 


it is essential that they should be adequately 
burned at 1400° C., in order to vitrify them, 
before any batch is filled on. Progress in the 
jiroduotion of efficient pots for optical glass 
melting undoubtedly lies in the development 
of semi-porcelain pots made by casting, as raw 
materials of lower iron conkmt can bo used, 
and tlTenser, more homogeneous bodies can be 
produced. 

The considerations as to chemical and 
physical jiroix'rties of pots apply in their 
entirety to the production of the clay rods 
used for stirring the molten gloss in order 
to obtain homogeneity throughout the pot. 
It is necessary that these rods should have 
a fine-grained close texture (their volume 
])orosity when burned should not exceed 20 
per cent), should bo highly rc.sistant to the 
Solvent action of the molten glass with Avhich 
they will come m contact, and should have 
sufficient mecliani* al strength at the highest 
tenuxuaturo of u.so to jirevenb distortion or 
abrasion by friction. Jleforo introduction 
into th(' molten glass the stirring-rods should 
Im burned to a< high temperature so that 
their maximum •.vsistant iircqa'ities may l)q, 
developed. 

§ (15) Tai^ Blocks. — The blocks which are 
used for lining the sides and bottom of tank 
furnaces must bo sufficiently refractory to 
resist deformation at furnace temjxjraturcs, 
must be highly resistant to the solvent action 
of the molting batch and molten glass, and 
must resi.st the abrasive action of the moving 
glass. Fireclay lilocks arf' almost invariably 
used m modern furnace practice, although 
blocks of “ fiiestono ” (a highly siliceous fine- 
grained sandstone) are still occasionally 
epiployed where the tem}K'raturo condition.^ 
aiv not Hiwere. 

Fi^'clay tank blocks are made from a 
iriixturo of plastic (flays with varying propor- 
tions of non- plastic clay and grog. As in 
pot clays, it b desirable that the grog should be 
well burned, should break into angular frag- 
ments, and should have approximately the 
same resistance to the solvent action of molten 
glass as the clay matrix in order to reduce th» 
possibility of uneven wear. Ex«‘opt in certain 
portions of the bridge-wall of tank furnaces, 
only one face of the block is expo^bd to the 
high temperature of the furnace, and the high- 
temperature load-carrying capacity of the 
refractory is consequently of not such vital 
importance Jis it is in Vho case of pots. It is 
therefore possible to employ in tank-block 
md^king the more aluminous fireclays and so 
increase resistance to corrosion. The pmpor- 
tflm of^ grog employed varies within wide 
limits ; with some British clays it is as low 
as 2f;^per cent, whilst with some of the fat 
oontinentail clays as much as 50 to 60 per <^iit 
is used. 
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The plastic clay mixture is projiared and 
matured as with pot clays. It is then worked 
by hand into wooden moulds of the requisite 
dimensions, with occasional tamping or iK'at 
ing so as to obtain a compact dense mass. 
Occasionally in Eurojx?an practice, and almost 
invariably in American practice, jmelimatic 
rams are employed to press the clay into the 
moulds ; in this case it is important to take 
precautions to avoid lamination. In both 
hand-moulding and mechanical jircssimr, air 
inclusions must be rigorously avoided. Blocks 
are also madi*. by slip-casting into piaster-lined 
moulds ; tlic larger field of sideetion of clays 
and grog, and tlie honiogeiK'ity and ilensity it 
is possible to obtain by this jirocess, are very 
distinct jioints in its favour. 

S|MM‘ial eaiv is neeeasary in uniformly drying 
largo blocks to prevent the formation of line 
crizzles. The a<b>ption (ff humidity dryers 
would Iw advantagi'ous, as the safe and 
oftieient <lrymg v^ould Ix' facilitated and tlu^ 
time of drying v(‘ry eorisKhuably rcduccil. 

§(lt)) Firestoxks. — \Vhcif“lin‘stone’' blocks 
• are use<l for^ank walls it is ft^Kcntial that they 
should 1 k‘ laid with their In-dding ]*lancs hori- 
zontal so ivs to avoid flaking or spalling of the 
exposed face ; for Jank bottoms the IsMlding- 
planes shoidd, for the same reason, lie vertical. 
Sulfieient space must lie left lietwiicn the 
blocks to allow for the expansion resulting 
from the inversion of the quartz which will 
take ])laee at furnaei' temp<‘ratures. The 
siom* should contain only a small proportion 
of micaceous or felspathu! impuiities or it w'lll 
not lx? sullieiently refractory. 

A typical analysis of a suitable firestone 
from Penshaw', Durham, Is as follows : , 


Silica .... 

P.r will 

. 88.50 

Alumimi 

. f) 18 

Iron oxide 

. . 0 71 

Titanium oxide . 

. . . 0 61 

Lime .... 

. . , 0.11 

Magnesia 

. 0 

Potassium o.xide . 

. 0 78 

Scxliiim oxidi' 

. 0 38 

Loss on ignition . 

. . . 1-71 

• 

9«-92 

Normal refractoriness 

. , Cone 29 


The uniform texture of firestones tends 
towards an oven coiflroBion of tSio block face, 
but their chemical resistance is generally ^oo 
inadequate to permit their use in the mating 
end of high -temperature tank furnaces. 

§ (17) Burning of Tank BLqpKS.— ^hc 
early stages of the burning must be slowly con- 
ducted and the rise of temperature^ list lx? 
gradual so that the centre of the block is as 
efficiently burned as the skin. Too rajiid 
beating may cause the contraction and reduc- 


I tion in porosity Aif the skin of tlw block and 
! prevent n‘adr ocei'ss of air to the interior ; 

I the carbonaci'ous and ferruginous impurities 
' pii'sciit in the clay will# 1 h* inoornpletsly 
j oxidistsl, and a ilark coloiircd core will lx? 
i Icf;, having quite ditlorent physical ])rojX'rtiea 
1 rroin the projKrly burned iiuter portion.s. In 
1 extroint easc.^ tif “ black-hearting ” partial 
! slag'ung (.} the ecr? may occur through inter- 
action 1^‘f.woiui fci rolls inm and fnx' silica 
! piesiuit in fie clay. A frai'tun' a block 
whu h has Is'cn eflieiently burned will show a 
■ uniform colour right through. A tenijX'rature 
not lower than l.'KH)’ ('. should lx? attained 
during the final stage of the burning, and it 
; Is advantageous to maintain this maximum 
i tiunjK'ratui-o for a day or mon*. For lliix-liiie 
' blocks higher burning tf^npe rain res (u]) to 
[ IBKF (') arc dcsirabh' m order to iiuliiee 
vitritieatjon and low jiorohity. 

§ (18) Tests on Tank Bmx ks. - In si'lecting 
or testing tank l>lo( ks f lic following factois urd* 

I of importance : 

(i.) UffrtK-tonnfMs. — Test eoni's eiil* from 
. blocks shall not be more fusible tlian Cone 29. 

(ii.) Poro.sv/y. — The volume porosity of flux- 
linc bloet . should not exieed 2j|j )H>r cent, and 
of other^ihwks should not exceed 2o per cent. 

I (iii.) Terture. 'I'he b'xtun' of t^i' blocks 
' must Ik? uniform, and only in the case of large 
. hlocks should any daik con? Is* permissible. 

' 'r|icrc must lx no holes, llaw's, or crevices, and 
the sui faces should Ik? plaqe ffo that th<* blocks 
, may lx- walh'it vOgeLhor without ajiproeiablc 
! j^)int space. 

' (iv.) -Test pieces cut from hlocks 

' and Iq^ated to 14tK) C. for tro hours should not 
1 show, on looliiig, a greater linear contraction 
I or cKpansi«n than 2 {MT^-cnt. ^ 

; (v.) (') lushing Strength should Hot loW(?r 

than KkM) lbs per sq. in., the test Ixing made 
' on a projMuly [irepaied 4*ineh cube, 
j The laboratory testing of the probable 
i dural ility of tank bhx ks, •apart from the 
I measuicmcnt of delinito jifiysical pro|X‘rtie8, is 
j a ditlicult matter. There is at present no 
j single test which can lx relied on to determine 
j durability. The resistamx to the corrosion of 
j a particular batch or glass may lx examined 
i by ccrneniing a largo crucible, from w'hieh the 
I bottom has Ixxn removed, to the face of the 
I block ifhd molting tifce batch in it^ BepcatAl 
i filling and emptying is necessary ; the block 
{ IS then fractured and the depth ^jf corrosion 
and jxnetration mcasuied. Actual immersion 
of large culxs cut from blocks in molten glass 
for a week (W tw'o gives indications of value. 
Rees ^ has critically discussed ihe Provisional 
SpecifioAtions for Tank Blocks prepared by the 
Society of Glass Technology, and concludes 
that the data asked fdt in the specification, 
together with the indications of tests such as 
• Trans. Soc. Glass Te<% Ml. 181. 

f 
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those* rt^forrt'fl to abovo, slrmld enable the 
glass inanufaoturer to lAiect unHuit 4 ibI| 
material. 

tl’herc IS a gonttral te-ndeney at the present 
time teuards tho of smaller bbieks, par- 
(ienlarly at the fliiv lm<‘, Ix'eaiiw* of the greater 
eertaiiity of fjbtaining a clow t(*xtun? and 
uniform burning. The following are analyses 
of blocks w'hieh have given satisfaetory service 
with both salt cake and sf)fla-ash Ij^tehc.s in 
high-tcm|)Aature tank fiirnaees : 



l*ei iriit 

l*» r 1 lilt 

runt 

Silica .... 

.% :ii 

r»4 00 

07 41 

Aluitiinii 

:m 02 

30 41 

27 70 

froM oxide . 

2 04 

184 

1 72 

'ritaiuiiin oxide . 

2 12 

1 10 

1 04 

liitiK' .... 

0 01 

0 .31 

0 .72 

Magnesia * 

I’otiisNunn oxide ) 

0 fj 

0 .37 

0 21 

SodiiiMi oxide / 

1 IS 

0 00 

I -22 


01)01 1 

00 01 

00 88 

Volume porosity 

I.iiieur after-eoiitriie- ( 

_ 

2P„ 

10^., 

21% . 

tiori at MOO" / 

1 Hf*;, 

I -‘’o 

1 

llcfrue ton ness j 

( Vine 33 

Cone .30^ 

, Cone 20 

L 1 


nioeks higlu'r silica content may give 
satisfactory s(>r\ice with so(ia-ash batches, but 
the superior r(\sistance to corrosion of blocks 
properly maniifi^ tu^red from <-lays containing 
only small pro|)ortions of fn'e i’llica indicates 
the desirability of their selection. With such 
clays the ri'sistant skin of sillimanite is moiv 
le.adily formed and maintained as interaction 
between block and glass occurs ; solut mn or 
corrosion of the blla'k is eorriv|)ondinglv 
r(%lrd('d. ;V,>art from chemical composition, 
tho two factonf having the greatest infhu'iiee 
on durability are, porosity and uniformity of 
textim’. Ibiiform wear is unlikely if the 
to.xture is uneven, or if cracks, hole.s, or 
flaw's aro jux'sent which ]x>rmit entrance 
of the molten gla.ss to tho interior of tho 
block. 

^\dlen tank blocks art* first put into service, 
the furnace should Ih< laised to a high tom|x‘ra- 
turo btdore any ghws or batch is filled in.^ 
The absorption of molten glass by porous 
tAnk bha-lx^ is a fre(pii>nt cause of rapid 
destruction, as interaction lietw’eeii glass and 
clay will oiy’ur within the block at tt'mjiera- 
turt's below tho molting*- point of tho gloss. 
J. W. Cobb ® has shown that silica and flvxes 
such os lime interact at t^'nijicry tures as low 
08 7(K)'^*8(K)° 0.‘ Low-temperatiire reactions of 
this charaeU'r occurring xyithin the tank block 
will very considerably reduce it,s life ; the 
ooeffieient of expansicti of that jiortion of the 
1 .See also 8 (1,3). 

* Jour. Sor. CK'iem, hid., 1010, x\lx. 335. 


block will be materially altered with the 
probability of the spalling aw'ay of the face of 
tho block and a conseipient further increase 
in the rat^* of wear as the fresh porous clay 
is exposed to the glass. Some of the W'ear of 
tank blocks 1m*1ow the meUil level may lie duo 
to nu?k‘}iani(‘al and not chemical corrosion. 
Tho flow of glass in the tank will dejicnd ujxin 
several factors, such as temperature and 
viscosity, h(*at distribution, rato of melting 
and withdrawal of glass, sha]Mi of tank, location 
and size of dog-lioles in fixed bridge tanks, but, 
in general, a block eomjiosition and atrueture 
which favours n'si.stance to chemie^il corrosion 
will also favour resistance to the meebanieal 
eoiTosKui caused by the moving glass. 

'I’he preparation of a resistant face by coating 
tank blocks with mixtun-s such as are used in 
lining pots lias not, up to tlie ])icsent, lx*en 
successful, but it ‘presents a wide field for 
e\perim<‘nt. 

nib) lbiK.sF:iiVATioN OF '1'ank Bi.ocks hy 
t'ooi.iNc.— Tlie prolouLuilion of the life of 
; furnace linings by< cooling the external surfaeo 
I has been demonstrated by tlu* aPjilicalion ot^j 
w ab'r-cooiuiL' ih'Vices to tlie blast furnaco and 
the open-lu iifib fuinaee. During reiient years 
cooling (leMces have bemi ^successfully applied 
m glass-tank operation. In a tank furnace 
\Mtb li.xed bridgi', cooling of tho bridge blocks 
is es.sentia.l, as the normal cooling by radiation 
IS HO mu< h less than in the side Vails ; for 
the aidi* walls and dog-housi* also, cooling is 
lieneticial and will increasi* tlu' life of the blocks. 
'J’Ik* following cooling metluxls aix* in use : 

(a) Cold air — blown by fans or delivi'red from 
a compressoi’ through nozzles. 

Moist ail- nozzk'H introducing steam 
info the air-diict in sufficient (juantity to 
saturille tlx* air. 

(e) Steam jets imjiinging on the blocks. 

{(f) Water-cooling. 

For bndge-eooling, air or steam jet« are 
satisfjietory, as tlu* cooling obtained is suflieient 
to protect the blocks without imjKxling tho 
flow of metal through the throat. If tho 
cooling is excessive (or in tho eaik* of water- 
coolers, inefficiently designed) tlie metal in the 
throat may lx* frozen and the flow into the 
working end of the furnace impedeil^Vir even 
stopiied. Excessive cooling may also induce 
local devitrification and so cause “ stones ” in 
tho metal. The greatest coolipg effect is 
obtained by S\ atoi'*eooli?ig ; it is obviously 
important that then3 shall bo good contact 
betw*ben the cooler and tho tank block. The 
temix*raturo gradient through tho blocks may 
1)0 lo mat/wially altered as to maintain a skin 
of frozen glass on tho internal surface. Tho 
cost of'^yhe installation and maintenance of 
cooling devices must l)e set off against the 
reduced consumption of blocks and the fuel 
consumption in tho fumatfe. A limit to the 
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expenditure in cooling is thus soon reached. 
In glasS'tank operation air or steam cooling 
is generally adopted ; sufficient cooling is 
obtained, and the cost of installation and 
maintenanc e is less than that of Mater-cooliin* [ 
devices. Over-cooling of furnace walls ^\ill 
not only incrcaae fuel conHU?n])tion h^it will 
also cause defc'ctive glass, sinc^o devitrilic'd 
glass may lie drawm in by the* glass flow and 
may lie incomploUdy dissolved by the molUm 
glass. It may thus jiass through into the 
cooler w'orking end of the furnace, and exten- 
siv’^e devitrification may start from tliesc* nuclei. 

§ (20) ArcKSHoiUES. — When* fully aulornatie 
machines are employed in glass-making, the* 
fc'oding device which may lie necossarv is an 
important unit. Such devices may nec'essitate 
the emiiloymcnt of n'fractory tulx's, troughs, 
or spouts w'hic'h must Ik* highly rc'sistant to 
the solvent action of the glass and to the 
abrasive action of the strc'^m of glass ; ability 
to W'ithstand tK'tiijK'raturc ciiangcs is also m 
many cases nccc'ssary. Aluimmuis clays ad- 
rnixi'd with a large [iropc'rtion of angular 
hard-fm'd ^og will give flic most resistant 
•bodies under such conditicitis. The porosity 
of the body when liix-d should not Ik* higher 
than 20-25 jK'r cent. In sonu' cases good 
results have* lK*on obtained by the use of bodies 
of porc‘c>llanic tyjio. 


j * W. .1. Ticis. Rc\low ProvUloiuil 

i|l>ct*lflcatloiii».*‘ a’(k*, W/<ntA T«rA.. 1922, 0, 181. 

I K 0 t'lirisliiiaa. “ Prcsc'rxatlon of (Hass Funuu**! 
It (*f rat lories li> ('cMiling," Jonni. Six', <ila«s Tffh,, 
1 !) 20 . 4 , 12S • • 

W’ t* roltln, Watcr-cooK'd K(iiilpm(*iit for Owii' 
111 irtl’ Fiiniac’cs,” Trans. flHirr. Inst Min. Knu., 


RE"UAc'i.ntY (KniKs. See “ Hcfractorics,” 

Refuactoh- Omoeh, Fused. Ri^u’aration 
OF. Sec “ Furnaces for Uihoratory llsc^,” 

§ (*r {».). 

Resistance Ai.i.ovs. S'ec' “Alloys, Some 
S|H'c*ial,'’ ^ (2) 

Rksistanc'e Fuhnaces, carbon or graphite. 
Scsi “ l’'uriiaccs for Laboratory I’se,” §(5). 
Contai't. iSVc ihid. § (.'0 (i/). 

(haniilai Sc*c ibid, (.'1) (r). 

Rrsister Fiiunaces. Sei* “ iMirnaccs, Flcc-^ 
trie,” § (2) (111 ). 

Rocks, 1’l\stic Deformation oia See 
• “ Solids, The Flow of.’’ 

Roi.uno : l)ie rc'diiction of nic'tal by passing 
1hrou;'h a pair of rolls. *Scc^ “ jMc'tals, 
Tliennal ami Mechanical Treatment of,” 

§ (b). ^ . 


Season Crac’KINo : appan*ntly spontaneous 
orackmg of metals (especially brass) occ*ur- 
riiig aftor completion of nianufactiirc, some- 
times aftew considerable lapse* of time'. Such 
cracking is the result of the* prolonged ac tion 
of .sufficiently severe stn*.ssc*s, w'hic*h may lie 
externally ajiplK'd, hut are usually internal, 
consoepicut upon imccpial cold- woi king. 
See “ Metals, the Relations of Strain and 
Stmeture,” § (7). 

Segbeoation : the unequal distribution oitlie 
various constitucnt.s in different ro>.iouH of a 
mass of solid metal or alloy. Sec “ Metals, 
Thermal and ‘Mechanical Treatment of,” 
§ (5) ; “ Metals, Defects and Failure c)f,” 
§ (2)** 

Series System cif Arranging Cells in 
Copper Rkhning. S<*o “ C^ippr, Electro- 
lytic Refming of,”»§ (2). , 

SiiERARDisiNG : production of a coatin/f of 
zinc on steel by heating it in contacts with 
zinc powder. See “ Metals, Thermal %nd 
Mechanical Treatment of,” § (12)^ • 

Shore Hardness Test measured by the 
Shore Scleroscope, which consists m a tube, 
down which a small steel weight with a 
hardened iioint is dropped on to the speci- 



I men t^> l>o t^ted. The height of ix'hound is 
^ taken as the measuw of hardnoss. See 
“ SP'cIs, SjKscial, ’ § (2). 

SuuT.^. Cold ; ih'fccts in ingols or castings duo 
to failiin* of successive |)ortions of metal to 
coalesce iK'forc* solidiiication. “ MeUpic, 

Thermal and Meelmnual '*?rt^atn*‘nt of,” 

§ n » 

Sn-ic'\, Phv.sipal Properties or. Seo“Ro- 
ti K tones.” §§ (32)-(:{()). , 

Sii.K'A Bric'ks. See “ Refraciorios,” § (37). 
PiojK^rties of. See ibid. §(38); also “ Re- 
fi.K-toiic's used in OliiM Making,” § 2. 
Silica for I'urnac'e Turks. See “ Furnaces 
for I..a Moratory Use,” § (2). 

Silicon, existence! in steel. Sec “ Iron- 
carliUn Alloys,” *§ (14); als^i “ Steck, 
S])ecial,” § (22). • 

SiLK’oN Alloys. See “ Steel«i Special,” 
§ (48) (iv.). 

Silicon Carbide. Sec “ Refractories,” § (53). 
Manufacture of. Sec “ Furnaces, Electric,” 
§ (5) (ii.). 

Sillimanite. See “ Refractories,” § (52). 
Silver-copper Alloys.* See “ Alloy Systems, 
Typical,” § (8). 
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Slip Baxds ; Jine lines, in reality minute steps 
formed orf cut, polished, oj natural surfaces 
of crystals, as the result oMpIastio deformdt 


tion.to which the crystals accommodate thorn- 
l^elvoH by a protess of sliding or 8 li|), which 
takes pla(!o on ctytain crystalline planes. 
800 “ Metals, the Relations of Strain and 
Structure,” ( 1 ). 

SoFTENINO - POINT OF A RkFRACTORY Suil- 
STANCE. S(w “ Refraotories,” § (2). 

Its measurornont. See thid. § (li). t> 

Solid SoLt’BiijTY of Alloys. See “Metals 
and Alloys, Micro-structure of,” § (d). * 


boundaries controlled by the force of surface 
tension. 

The view that the crystalline force, under 
certain conditions, may be held in check and 
actually overpowered by surface tension, was 
put forward by Sir George Beilby in 1903 (1). 
His conclusions were drawn from critical 
observations with the ipicroscope of the 
surface structure of metals in their most 
attenuated form, and from the effects of 
heat and of snlv-ints on thin films, and on 
surface films of metals and other crystalline 
solids. These observations show conclusively 



Fio. J.— Perforation of the film by small holes. 


Solid Soi.ution : a solution or intimate 
mixture of one^ metal in another when solid, 
forming an allAy corresponding to the state 
of solution when the metals are liquid, tho 
alloy crystallising while still remaining a 
solution. Kach of tho crystals formed 
ultimately attains the same eomiiosition as 
the molten liquiil from whii;h it w'as de- 
posited. See “ Metals, the Relations of 
^train and Structure,” |( 10 ). , 

« 

SOLIDS!, THE AGGREGATION OF 

§ ( 1 ) Ept.’kcit.s of Surface Ten.sion.— The 
forms assumed by solids in the earlier stages 
of their aggreption have been‘'the subject 
of many conflicting experiments, and much 
diversity of opinion exists as to whether the 
minute solid aggregate which first forms is 
crystalline and possesses a crystalline outline, 
or whether the abrogate is spherical with its 


that considerable molecular mobility and re* 
arrangement is brought about at a temperature 
very^ biucli below tho meltmg-point of the 
metal. 

The mere fact that a certain amount of 
freedom was imparted to tho molecules by 
heat was not surprising in view of the well- 
established facts of segregation and < crystal 
growth in masses of metal at temperatures 
much below their melting-point. That this 
freedom takes place under conditions which lead 
the solid moleqijles to behi.ve like liquid mole- 
culqs was, however, both new and suggestive. 

Hi^ experiments demonstrate that the 
effefts of heat, in the annealing of thin films 
of inntals, is to confer on the solid molecules 
a state of fteedom which permits their mutual 
attractiqn to draw them together into granular 
or drop-lfke forms in a manner identical to 
that of a thin film of a viscous fluid. 

Tho illustrations, Figs. L 2, 3 , and 4 , are 
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an) photo-inifrographa of annealed gold I surface, or on the separation of a solid from 
Fig. 5 was a thick film. Tlv <lark patches | solution, are occasions which may be seized 
in the photograph were deep^reen and the* by the forces of surface tension, with the 



Flu. 4.— 'I'lie Him completely resolviKl into isolated discs. 


light patclics a pa*o pink by transmitted lighR 
Fig. (i wa.s a much thinner film. During the 
annealing tho films have aggregated in a 
manner analogous to that of a viscous fluid. • 
Another agency 1^- whhdi this freedom may 



FlO. fl. — Gold fllm-phosphorua rcnliiccd - -nnnoaled 
by heating on glass. Tho dark iwtchos wore 
<locp greon. and tho light patclie* iialo pink by 
transmltttd Slglit. x 440. 

be conferred upon the surface molecules is 
tho application of sol^nts or partial solvents. 
The rnoleeular mobility which occurs at the 
moment of t{ie partial solution of a solid 


result that tho forms of strueture which are 
due to these foret's are found both on surfaces 
which have been slightly etched by solvents, 
and in solid films which have been deposited 
from solution. At the surfaces of solids and 



FlO.O.— Tlic thinnest part of the same gold film. 
#> X 440. 


liquids alil?e, these potential forces are always 
present *and ready to take advantage of any 
increase ’In the mobility of the molecules to 
impress their characteristic forms of aggre- 
gation upon them. 


Khj. ’ 


a I' 

with rhlormo water > KMH) 


This is well illustrated in the beliaviour of 
two such widely different substances as gold 
and glass when slightly etched with chlorine 
water and hydrofluoric acid resiJcetivcly {Figs. 
7 and 8). The surface 
aggregation on the 
glass is so remarkably 
like that developed 
on the gold that it 
would be very diffi- 
cult to distinguish 
the two photographs 
when looked at apart, 
while the resemblance 
of thesi? surfaces to 
that of a thin film of 
a viscous fluid and 
to the annealed gold 
film shown m Fig. G 
is very striking. 

This granular stru^'- 
ture due to surface 
tension can bo ob- 
served in solids und(‘r 
many andi varying 
conditions. Films of 
oxide or sul])hi(lc 
which form on metal 
surfaces show it ^cry markedly. It can In; 
observed in thin films of metals dc])()Hitcd 
either chemically or (dectrolytically, and also 
in precipitates formed in very dilute solutions. 
The thin film, which 
forms at the surface 
of contact of the two 
reagents, breaks u]i 
into minute particles. 

Their jiedetic move- 
ment leads to their 
agglomeration into 
larger granules which 
lieconie centivs of 
attraction to the 
smaller particles and 
grow by their absorji- 
tion. Till the granule 
has reached a certain 
size and mass it shows 
no indication of 
crystalline shape or 
structure, and its 
form remains under 
the control of surface 
tension rouhded amf 
granular. When a 
certain size is reached 
the crystallic force * 

begins to assert itself and to over}>o%i'cr 
surface tension, and the rounded form begins 
to develop faces ami angles, till fiially a 
well-developed crystal is produced (2).* Again, 
in the separation of solids directly from the 
gaseous state, such as magnesium oxide, zinc. 
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Fig. S— Surface of flre-nlaziMl rIbim slip after liRhlh' 
et<hInR with liy4rofluorle acid Ras mixed wini 
air. V KkK). • 


pmonium chWide, and smoke aggregates of 
kinds, the lynular and rounded forms are 
Assumed by the molecular aggicgates. Micro- 
scopHis arc familiar witli* the forms wliich 
are wen when very 
*thiii films of salt solu- 
tions are allowed to 
cs'^stallisc on a glass 
sli]). ]f the film of 
solid salt is liclow a 
certain ll#<'kncss, the 
forms assumed aie 
])iir('ly those due to 
surface tension. As 
the thickness of flic 
film IS increased, the 
crystiillic force omt- 
])owcrs th(' surface 
tension and flic de- 
])?)Hit becomes more 
and more rry.stalline. 
Observations by* 
Hell by (Jl) have 
shown that •there 
IS a delinite limit 
for eiieh Hubstanei' 
belov^ whieh the 
• crystallic force is 

complcti'ly conti oiled by surface len^iori. 

It follows from these observaiffoiis that a 
freely su.s])endcd aggregate of solid iiioleeules 
will take tlic .spli(‘ii<al form if its suiface is 

• sifflif lently large com- 

. - paied with its mass. 

A gloluile will only 
take the external form 
of#ii crystal whmi its 
mas.s beiomes large 
Enough to iK'rmit the 
erystalliUk force 
ove rfo wer surface 
IlMision. 

^(2) iNiTiAi. Shape 

OF ATiJ^OOrtKGATK. — 
In the well-known 
case of liquids, when 
free from the influ- 
ence of external 
forces, a drop will 
assume the shajie in 
wifich its potential 
energy is u,mmiiiiunit 
t.f. Wie shape in whieh 
the area gf the sur- 
face is a minimum, 
and consequently the 
^ dro]>fl will be spherical. 

In a similar way a solid cry.ital tends to 
assume the sha^ic in which its surface energy 
18 a minimum, but since the different faces of a 
crystal have different scapillary constants, 
crystals do not assume the spherical form, 
but assume a shape in which^h^ total surface 
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has a minimum area in keeping with t/ie 
crystalline structure. From\this it follow/ 
that when crystals various sizes are placecf 
in contact with a s^urated solution of the same 
substance tin; srnally crystals tend to dis- 
apja-ar into solution and are rodcjmsited on 
the larger crystals. In tlie case of aqueous 
solutions this has been worked out quanti- 
tatively, and used as a moans to calculate 
the 8Urfa(‘e tension b(‘twecn a soli^ and a 
liquid. • 

This effect has also boon observed in solids. 
The researches of Neville and Heyeoek (4) have 
shown that, even m the solid state, the^larger 
crystals grow at the ex])e,nse of the smaller, 
and eventually swallow them up. The range 
of the crystalline force therefore widens as tlie 
mass of the crystal is incn'ased, while the 
range of mrilccular force remains constant. 
It is possible, thercKire, that the average size 
of the granules in solids may result from the 
Establishment of a state of equilibrium between 
thes(' rival forces (•')). 

'rile* peculiar crystals of the oleates, which 
are soft enough to be deformed by slight 
pressure, furnish a striking e.xample of a case 
where the directive force is practically balanced 
by that of surface tension In ^Jftassium 
oloate, fj»r instance, the existence of the 
directive f(>co 13 shown by the assumption 
of elongated and somewhat rounded forms of 
the crystals, wliudi, when e.xamincd optically, 
are found to behEig, to the tetragonal system. 
If two of the oval forms art* brought into 
contact with their longer axis at right angles 
to one another they do not coalesce, and their 
forms are unchangi«>l. If, however, the cijystals 
arc placed in contact with their longer axis 
parallel, deformutioif takes places and the 
ciystals begfn to coah'see, and finally one is 
absorbed by tfl(' other until a single crystal 
is obtained which rtseinbles tlie originals in 
all ros|K'cis. 'I’he union is obviously due to 
surface tensioPt^aud takes place in a similar 
manner to the union of two drops of a liquid 
and is an extreme instance of the condition 
which probably prevails in many substances 
during the process of solidification. 

The investigations of Lehmann and Quinckoi 
on the forms produced in colloidal substances 
due to surface teifsion abundantly bear out 
#iio ooncluiions of Beilbj^ More recefltly the 
subject has be<m further investigated by 
Tammann^wdiose results confirmed the above. 
He has been able to exjiress his conclusions 
in mathematical form, and these he c has 
confirmed by the determination! of the tensile 
strength of ifietaUic films at high tempera- 
tures (6). , 

An attempt to decide whether the minute 
solid aggregate, which first forms in tlie 
crystallisation of salts, has a globular or 
crystalline ovtline, was made by Richards 


and Archibald (7). The method which they 
adopted was to study growing crystals by 
the aid of instantaneous photography. They 
worked chiefly with inorganic salts, and the 
photographs show that the aggregate, from 
tlio first moment that it is able to produce 
an effdet on the photographic plate, has a 
distinct polyhedral outline. 

The X-ray interference method employed 
by Debyo and Sch(;rrcr in the morphological 
investigation of finely divided substance^ has 
recently been applied in an attempt to deter- 
mine the size and structure of the minute 
aggregations in ty])icnl inorganic and organic 
oolloidii (8). Colloid silver and gold arc found 
to bo definitely crystalline ; the interference 
figure's obtained in the examination of those 
substances corresponds with a space lattice, 
wliieh is identical with that indicated by the 
observatifjns on mftcroseopic crystals of 
metals. Tiio characteristic space lattice^is 
indei'd shown by gold particles, which arc too 
small to be observed by the ultra-microscojxi. 
Tyiueal organic colloids, such as albumi'ii, 
gelatine, cellulose^ and starch, aflord no ovi- , 
donee of internal structural regularity, and it 
is probable tft'at the colloid ])artieles of these 
substances consist of individual molecules or 
of irregulaily oriented groups of molecules. 

Diesselhorst and Freun(l]ieh(9) have shown, 
by ex])eriment8 on the relationship between 
the Tyndall effect and tlie shajic of colloid 
partich's, that the colloid particles of gold and 
silver are spherical, while in some other sub- 
stances, such as graphite and ferric hydroxide, 
disc-liko parth'lcs liave been distinguLshcd, 
while m some other sols rod-like forms occur. 
Tl^xse results agree witli those obtained by 
microsco])ic and ultra-microscopic research. 

I’hAo cxjwrimcntH on colloidal gold particles 
suggest that the minute aggregates have their 
boundaries controlled by surface tension, 
while withui this outer spherical skin the 
individual molecules possess a regular orienta- 
tioi*, and it is only when the aggregate increases 
sufficiently in mass that the crystallic force is 
able to overpower the surface Umsion and 
the aggregate begins to assunw a crystalline 
outline. 

The aggregation and solidification (ft metals 
and alloys have been extensively studied by 
many workers, and a very complete summary 
of the subject has recently been j^ublished by 
the Institute ftf Metals (ft). 

1(3) The Foam Theory. — Quincke has 
put* forward an hyjxithesis which is based 
on the fact that when two liquids, which 
ar^ onlj; partially miscible, are shaken 
together, and when one of the liquids is in 
large (i^cess, the other may become distri- 
buted in such a way as to form thin ceU 
walls, enclosing the drops of the first liquid. 
Such a structure is knoilrn as a foam. In 
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the case of the soUdifioation of metals the first 
step towards crystallisation occurs in the liquid 
state, and consists in the segregation of the 
pure substance and the throwing out of anv 
eutectic which may be present. In these two 
liquids dillercnoes in intrinsic cohesion cause 
the pure substance to aggregate in spheroidal 
masses, around which the eutectic f(?riha in 
bubbles or “foam-cells.” The spheroids of 
pure substance, being isolated from each other 
by the foatn-cells, are free to develop each 
their own crystalline orientation. This may 
occur while they are still liquid, or it may 
only occur on solidification ; but in cither case 
the result is the same, and the spheroids 
solidify as little sacs of uniformly oriented 
molecules. On this view the coalescence of 
small grains to form larger ones during the 
process of annealing indicates the general 
tendency of foams to become coarser in struc- 
evidence in ftivoiir of this li^qK)- 
thesis is found in the corrosion of t he boundaries 
of the crystal grams by etching reagents, 
pointing to a difference of eoni])o.sition between 
the foam cells ami their (intents, and from 
• the iuoroas^ volatilisation %t the boundaries 
when metals arc lieated to a high temiierature 
in vacuo. * 

From a general yview of the researches on 
the aggregation of solids from their molecules 
the balance of exiienmontal evidenee seems 
to favour the view that there is a certain size 
of the aggregate up to which its form is con- 
trolled by the force of surface tension, although 
the individual molecuh's in the aggregate may 
possess crystalline orientation, ainl it is only 
after this point is passed that the erystallic 
force comes into full play and the aggregate 
begins to assume a definite crystalline outli^ie. 
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SOLIDS, THE FLOW OF 

§ (1) Histobtcal. — within the lalb half-century 
the structure and properties of solids have b^n 
the subject of much experimental rese^rjh, 
and the older idea that the solid state was a 
state of inertness and repose has h%d to give 
way before the rapidly accumulating proofs 
that the molecules of the solid state ^issess 
activities of a most marked and varied nature. 

Trosca was among the first to demonstrate 


that BoliSs ^ch as the metals oould be made 
M behave like highly viscous fluMa under the 
|nflueiieo of pr^sure, and that they could lie 
“ squirted ” through tqieniiigs under pressure 
to form continuous win's. • Spring (1), in'liis 
researches published 188G, attacked the 
])roblem8 of the eonditions which determine 
ilow in soluls. His ex^ioriments were made 
on various hubstanees at high pressim's and 
at the ordinar/ atmospheric tenqK'rature. 
AiiUiiig 4lie many results obtained by him lead 
filin^.s were compreH'^ed int-o a im#orm block, 

I and finely powdered bismuth was converted 
I by apressurt' of ()(HK>atmo8])hcrcs into a uniform 
t vrystinlme block. In those carlicrex^K'riinciits 
Spnng attributed the welding or flowing 
mainly to prcHMirc.t hat is, to the close approxi- 
mation of the ]»articlcs brought about by ]»r('ss- 
lire. Ill a si'eoiul smii's of ex]K'iiments (2) 
m 1887 88 be attem])tcd show that chemical 
reaetions could take place betwi'cn siibstaricrs 
m the solid slate which wcie simply in contact 
with each other, anil that atomie or choniicaT 
interchange could take place In'twccn soluls. 
j These researches of Spnng brought to light 
1 another closely related ])ro])('rty of solids, 
namely, “ diffusion.” This study was taken 
up by the late Sir William Kobvts-Aiisten (3), 
who wa#ahlo to determine the rate of diffusion 
of gold and platinum into lead,^rih in the 
j liquid and the solid state. 

I The many researehes of Sir (Jeorgo Bcilby 
j st^pply fresh proofs of the mobility of tlie 
j solid molecules, while thejj, for the first time, 
j enable us to ffelino more closely some of the 
j (^nditions of this mobility and the limitations 
1 under whu'li it takes ])laee. His observations 
j arc biased ehiefly on the tll)w of solids under 
} mechanical disturbance, and have led him to 
I formulate «, theory of poTishing whieh expl^s 
th« known facts with rcrnar^afti* ijeaniess. 

I Hcrschel (4), who was r^arded as one of tjio 
I first authorities on tin* subject, considered 
I pob'^hmg as only a still finer abrading action, 

! and that it consisted in grintiisg down largo 
I a8])eritie8 into smaller ones by the use of hard 
1 gritty powders. 

i In a pajier on Polish (5), the late Lord 
I Rayleigh suggested that the o]KTation may be 
I •a molecular one, and that “ in the pilishing of 
I a soft substance such as c^ij’^r, it is jiossiblo 
that material may 1 m' loosened from its original 
positioff without becoming detachefl. In suefi 
a case pits in the surface *may actually bo 
filled in ’by which the operaiioii would bo 
much quickened,” but ho states that nothing 
suggestive of this effect has been observed 
inexporimente upon glass, and the completion 
of the procA*88 consists in rubbing away the 
whole surface down to the leVel of the deepest 
pits. 

§ (2) Beilby’s RK.9EAftcKK.s.-— On the other 
hand, the researches of Beilby (6) show con- 
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clusively that the production <ff a po1iHh/is 
duo to the ^molecular flowirr of the surffce 
being polished, and that to yUtain a perfee( 
polish it is not necessary to wear down 
tub surface to tlA) level of the dee])e8t pits, 


due to the almost molecular fineness of the 
powders used in polishing that the necessary 
molecular contact over comparatively largo 
areas simultaneously can occur, when some- 
thing like a continuous sheet of molecules of 



l-'ia. 1. -(JryanUlliK' jintiinony affrr rubbing on fine 
('iiKTy paper. < 775. 

but that these ])it.s are actual!y**c(>vered 
over by«n^thin layer of the ilowoil surface 
inattuial (7), He lias also shown that flow 
tak<^s place, although only to a small depth, 
on even the hardest crystalline suhstanevs. 
'riuH flowed layer* on 
polished suhstaiiees 
differs from the ori- 
ginal material in that 
it is vitreous, and^^not 
crystalline. It is ^a 
structureless material 
strongly resen^iling in 
its behaviour a higldy 
viscous fluid. The 
accepted theory of 
polishing a^f"^£^)^lml- 
latod by Beil by (8) is 
that "in all substances 
if they are sufliciently 
homogeneous to bo 
polished at all, the 
f uiidamontal prin- 
ciples on which ]X)lisli- 
ing depenfls arc abso- 
lutely identical and 
that the jj^lished sur- 
face on a solid sub- 
stance is as truly due to the ])reflenee 
of a surface tension skin aff is the sur- 
face of a liquid.” From this it us obvious 
that the keystone of* the theory is the 
instantaneous liquefaction and solidification 
of sheets of molecufes during the mechanical 
deformation caused by the polisher. It is 
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KlG. 2, — I'lic siinie after polishing on rouged 
leath'T. X 775 

the polishing and the pcrfished surfaces are 
in contact. Tins di.sturbed molecular layer 
retains its mobility for an instant, and before 
.s<»lidification is smoothed over by the action 
of surface tension, thus jirodueing the liquid- 
like surface which is 
the necessary condi- 
tion of a ]>erfect polish. 

The formation of 
this flowed layer is 
well shown on the 
surface of such a 
brittle metal as anti- 
mony. If a surface of 
an antimony crystal, 
which has been first 
grooved by rubbing 
on fine emery {Fig. 1), 
13 lightly polished on 
rouged wash - leather 
across the emery 
grooves, the ^ process 
of the formation of 
the flowed vitreous 
layer can be con- 
veniently .watched by 
examining it from time 
^ to time under the 

microscope. The flowed material is seen 

to ^gradually creep over the edges of the 
grooves »nd to bridge over the finer ones, 
and if the o]ie ration is continued even 
the d^tper scratches are easily covered 
up in this way {Fig. 2). The whole then 
pi-escnts the apxiearance of a perfectly smooth 




S0LID8, THE FLOAVIOF 


polished surface. That the scratches and pits 
are only covered and not removed is readily 
seen on etching with a suitable reagent, wliich 
dissolves the film and exposes the original 
grooved surface (Fig. 

3). This mobile film 
can bo carried across 
the smaller furrows 
and pits during polish- 
ing without any sup- 
port from below. Fig. 

4 shows the pits on a 
polished antimony sur- 
face ill process of being 
covered over with the 
flowed material. The 
next two figures illus- 
trate this point more 
completely. Fig. 5 is 
a high-]>owcr iihoto- 
micrograph ( x 1800) 
in natural colour of 
])it8 on a polished 
cop])cr surface. These 
have been completely 
• flowed over \vith the * llowotl i 

polislied layer. 3 he 

pita arc covered with a blue film, but show 
patches of red oi» the blue. Fig. fl shows 
the same surface after tlie film has been 
removed by etching. On comparing these 
two photographs it will be seen that the red 
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lAd that the film during its flo^w was quite 
filsujiportcd fr(^ below. * 

I The flow d# to mechanical disturbance 
may take place throughout a brittle crystal- 
line* mass and not 
merely at the surface. 
If a small crystal of 
antimony is struck 
wnth a hammer, the 
brittle fragment, in- 
stead of Jlying into 
powder under the 
blow-, is spread out 
into a thin plate as 
any malleable sub- 
htanee would be (Figs. 

7 and 8). 

The extremely slight 
mechanical treatment 
wlfK'h will Hufliee to 
cause molecular move- 
ment and flow on tli% 
surface of a liiixhiy 
erystalline sul^jjtunee 
is seen in a remorkable 
way in the behaviour 
of eahite (0). if a 
part of ^ freshly elea\ed surfiiee of caleite 
18 etched with u dro]) of dilute hydro- 
chlori<‘ acid, no ik'w strucliut^ ftr mark- 
ings are MHible even under the most crilieal 
microstopic examination. Jf tlie cleaned 





patches in Fig. 5 correspond with 4,be syiots 
of light rcflect<*d from the coni’ave surfaces 
of the uncovered pits shown in Fig* 6, so 
that these pits must have been practically 
empty when they were covered by the film, 


face is stroked lightly a few* times with 
the forefinger coven»l with* a piece of soft 
chamois - leather and then examined under 
the microscope, the surface w still smooth and 
unmarked by the stroking, but if etched with 




a drop of dilute hydrochloric aSid and I 
examined, firrowa and ridges will be obaerf <J | 
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approached the furrows become finer and 
more numerous, till at a distance of 100 /i/* 
from the surface they disappear 
and the action of the solvent only 
discloses very fine flow lines similar 
to those observed in polishing 
metals. In the 50 to 100 fifi at 
* the surface there is no trace even of 
the broken -up lamellae, and the 
appearance is absolutely homo- 
geneoiw and vitreous like a coating 
of varnish or enamel. In metals (10) 
the general physical and electrical 
properties of the flowed vitreous 
layer have been found to differ 
from that of the original metal. 
The electrical conductivity of the 
flowed metal is lower than that of 
the unflowed or annealed. There 
is also a difference in electric 
potential® between a metal in the 
two states, and it has been found 
that the heat of solution of the 
flowed metal is greaU'r than that of 
the metal in the ordinary annealed 
state. 
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Fl0.«7,— Microscopic crystal of untlinony. 

running the direction of the finger strokes 
{Fig. 9). 'J’lvis skin gives unmistakable signs 
that it has passed through a state 
in which it must have jiossessed 
the perfect mooikty of a liouid. 

In its final state it possesaesi dis- 
tinctive qualities which differentiate 
its substance very clearly from 
that of the unifltored substance 
beneath it. It is,^ for instance, 
m-’ch harder, and, even wheft 
formodion surface of a crystal 
on which the hardness varies in 
different directions, its hardness 
is the same in all directions. This 
skin is also lu'Are readily attacked 
by solvents, consequently it was 
found possible to dissolve the skin 
off in steps or stages and thus to 
gain an insight into the history of 
its formation. Those results of 
etching show thi^* the mechanical 
ijfisturbauco caused by the imlishing ^ 
agent has ‘penetrated to^ depth of 
600 to 1000 fifi. * At this depth the 
diaturbanou consists ma,inly of the 
deeper scratches or furrows which 
have bedn ploughed through the 
thin lamellae, of which the crystal 
is built up. ^riio ploughing has so 
completely flowed the 'Crystalline substance 
that the scratches^ and furrows have been 
healed over so that no trace of them is 
visible from the surface. As the surface is 


^ (3) Metallic Structure.— The 
discovery that layers of a solid 
many hundreds, of molecules in 
thickness can have the mobility of the 
liquid state conferred on them by purely 



yiQ, 8.— 'The same made to flow by a single blow from a 
small drop-hammer. 

mechanical movement, opened up a new 
field oT" inquiry into the internal structure 
of metals which have been hardened by 
cold working. As a result of this inquiry 
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a new theory of the hard and soft statcR in 
metals was proposed by Beilby , which explains 
the facts very completely (11). AcooruiiiR to 
his theory hardenin^t results from the forma- 
tion at all the internal surfaces of slij) or shear 
of mobile layers similar to thoKf! i>roduced 
on the ouUt surface by poU.shing. ^Thesc 
layers only retain their mobilit}^ for a very 
brief ()oriod and then solidify m the vitreous- 
state, thus forming a cementmg material at 
all surfaces of sliji or shear throughout the 
mass. This material is harder and more 
resistant to stresses than the original metal. 
Slipping is easy so long as fresh mo^ing 
surfaces are available, but when all the avail- 
able crystalline maK'rial becomes encased in 
the hard and unyieUlmg flowed material 
plasticity under these 
particular stresses 
comes to an eml. 

This theory, theie- 
fore, for the first 
time 8U])plied the 
nexided explanation 
of the passage of a 
•metal through a 
highly plastic stage 
to a state of hard- 
ness and tenacitf 
much greater than it 
originally jiossea.scd. 

The moat signifi- 
cant feature of the 
obsorvatfons on 
which the arguments 
for this theory are 
based is thcevKh'nco 
they su])ply of the 
mechanical breaking 
down of the crystal- 
line into the vitreous 
state, and of the existence of an inter- 
mediate mobile condition of the molecules 
a'l the internal surfaces at which move- 
ment is taking ])lacc. This mechankally 
produced change has been found not olily 
in metals but in solids of all kinds. 
Quartz, agate, calc-spar, gla.ss, graiihile, 
sulphur, ice, gelatin, and a great variety of 
or}^talli^e salts, organic and inorganic, have 
been experimented with, and all without 
exception show the same effects. Neither 
deformation nor polishing can take place 
without thisiconditio^i of flow. Jhe discovery 
that the conversion of the crystalline into 
the vitreous state through the raechai^cal 
displacement of the molecules is a universal 
prqcesa, appears to give to the relation betwgen 
the two states a new and wider significance. 
'The passage of the vitrcious back to the 
crystalline through the agency of heat ^counts 
for the restored plasticity in metals brought 
about by annealing. In all solids there is a 


d(^ite tom^i^'nilure below which the vitreous 
Ls stifle. In the case of metals 
if has l>ecn sliu^n that the slahiUty ])oiiit is 
situated a long way Udow tlio solidifying 
]H)int. (5old, silvi r, ami cojtjH'r, for exam]»to, 
all ]m8S from the Nitrecais to the (•rystallmo 
slate bct\\i»n uml while tluir 

solidifying pMint.s are in the neighbouihood of 
ItXK)'’ tJ. The observation.^ show that in a 
numbi'r siib.sianeeH, although the vitreous 
stale IS liue mall s unstable above its stability 
poiti*, yet i.elow that ])oint it is Ht least ns 
stable themmlly while it is meehanically moio 
stubh' ^haii the eiystalline state. 

Experiments on the How t>f caleite and of 
(juartz have a \ ery direet hearing on the plastic 
ileformution of roek.s (12). 'I'he n'searehes of 
Adams and Niehol- 
Hon (13) on the 
'‘tl-'lt)W of Carrara 
Marble” sii]»])ly in- 
directly n jiroof of^ 
this theory of the 
tlow 111 holids.jj The 
remarkable, ease with 
wliich eah'ite can be 
made to flow under 
slight • disturhaiiee 
would at first sight 
njipear f^iHi ineom- 
patihlc with the 
limiti'd plasticity ex- 
hibi^d by marble, 
under the enor- 
mous stri'KHi's used 
m tbeir cx]>erimenlH. 
But the whole sub- 
jeA becomes more 
^‘ornjireliensible when 
it IS iea>g .ised 
the c^eH of tiny de- 
forinatKin, however slight, is to lin-ak dovm 
the crystalline into a mobile slate at all sur- 
fa(<.' wbeie moxeiiient takes ])luee, and that 
this mobile stale' is imim'difftkly suc«'eed<-d 
by the \itreouH state, wlin h aetually cements 
the moling surfaecs togethci, and this 
material being harder and mom unyielding 
than the original causes the mass to become 
Tiiore rigid and to ofb'r a greater resistance 
to the deforniing stresses. ^ 

§ (4) Ckystaluxk Powdkrh.— The greater 
solubility of tlu' vift-eous matcnaT producea 
by flow in crystalline fKilids Lears on tlie 
question of the incij'ased solubility of crys- 
talline substances in the form of a fine 
powfler (14). It has been suggested that the 
groatcrsolubilfty of small crystals as compared 
with large is iluo to their greater surface 
energy, and the furU’ier conclusion has been 
drawn, that the greater 80^1 biJitv of a substance 
in the form of a fKiwder is due to the same 
cause. While this suggestion may be justified 
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up to a point, it is clear that in many cajbs 
there is a (liiferenco in the fcolubility of flit 
two states, tlio vitreous an(\tljo crystallinel 
which is entirely in(le])en(l(*iit of the outward 
form or mass of* tlm substance. Tlierefore, 
as any ])owder wliicibhas been obtained from 
a crystalline substance by grinding must, 
from the nature of that opr^ration, be to a 
considerable extent in the vitreous condition, 
its greater solubility will ])robably be duo to 
the oxistei^e of this material. • 

The operation of grinding a erystiillino 
substance to powder does not simply consist 
of its mechanical reiluction to finer ar^ finer 
crystalline fragments, but it lU'i'essarily involves 
the partial production of the vitreous state (Ifi). 
A finely powdered substance is vitreous, not 
liecause of, nor in pi'o-jMnfion to, the mme 
fineness of its subdivision, but because of the 
extent to which tl» transformation from llu' 
crystalline state has been elTccted by flow 
^/luring grinding. If the giiiiding takes place 
at a teni|)craturc below tiie stability point for 
the sybstance, the powder will icmam in the 
vitreous condition. , 

VVlum a crystalline powder is formeil into 
cakes or tabloids by compression, men wlum 
the transfornfation into the vitns^us state 
is incomplete, the eimuMiting material is 
vitreous ^i^J has Iksmi formed by flow at the 
rubbing surfaces of th(‘ crystallino giains. 

One striking point brought out by the 
observations ofrlieilby (Ui) is that it is it 
possible by mcchini<‘ally ]»roj|,luccd flow to 
break down the crystalline stnudure so eom- 
pletely that the metal suhstaiiee should ke 
entirely converted into the Mtreous state. 
Even such drastuV treatment as wire-dfawing 
and gold-beating oply results in a partial 
ootc-vorsion pf the crystalline iiudhl into the 
vitreouiPform.e 

< The co-oxistenee the two .states in tlu' 
same mass of metal e\])lains the variety in 
the texture of s])ecimeii8 of pure metal which 
have lieeri sifiViected to ililTerent methods of 
working. In haminering, t he erystallmeaggre- 
gates are flattened and sjiread out, and with 
their covering films of the hard vitreous 
material may form a laminated or tlake-like 
structure. In rolling or wire-drawing these 
flakes are eloivgaf?d longitudinally, thereby 
producing a more fibrous struetufc. The 
increased rigidity of the harderusl metal re- 
sults from this partitioning up of the whole 
mass by Miin rigid coll, -walls, whii'h enclose 
and protect their contents of the plastic 
material from further deformation and trans- 
formation. ^Vhen a greater stVess is afiplied 
to the hardened mass, the rigidity of the 
cellular structure ha.s td bo overeoinc before 
further yielding cai\. take place. When this 


' itself into a now sot of protecting partitions. 
This accounts for the immediate and marked 
increase of rigidity which results from the 
transformation of a small amount of crystal- 
line into vitreous material. p y 
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Solidus in etiiulihrium diagram. Soc 
“Alloys, ( '(uistitul loll of." § (1) (v,). 
Sof.MULiTY of tvo metals in thi^ solid state.^, 
See “ Metals and Alloys, Micro-structure 
of,” § (b). c 

SoKHiTE : a constitiieiit of steel. Sm*" Metals 
and Alloys, Micro - structure of,” § (7); 

“ Iron-carbon Alloys,” (10). 

ScKciEif (Jravity of Stkei.s, effect of com- 
position on. See “ Stoi'ls, Sjiecjal,” § (5), 
Table 0. 

Sefcific Heat of pure iron. See “Steels, 
SjKTial,” § (7). 

SPEciFiu Vol.l’ME 111 relation to composition 
of alloys. See “Alloys, The Hidatioiiship of 
4>t! •ucture and Physical Constants,” § (5). 
SiMiF-uoinisiNo Process m steel. See “ Iron- 
earbon .‘Mloys,” § ( 10). 

Spiral Furkm-e, (iuvnnTE. See “Furnaces 
for Laboratory Use,” § (3) (h). 

Si’RiNO Steels: steels with high elastic range, 
fn«e from hrittleness, as used in railway and 
automobile .springs. Analysis. See “Steids, 
Sjiocial,” § (47) (iv.). Table 11). 

STA1NLF..S8 Steel, contains 12 to 14 ])er cent 
chromium. Tcmjx'rature, tensile strength, 
etc. See “ Steels, Special,” § (4)^(B) (i.). 
Table 5. 

Steel. See “*Iron-carbon Alloys,” § (6). 
Electric furnaces for manufacture of. See 
“ Fumaqps, EleetriV’ § (4) (>.). 

Elfect of rapid cooling on. See “ Iron- 
j carbon Alloy.s,” § (10). 
tF'ffeets of hot work on. See ihid. § (9). 
J^ffeets of cold work on. See ibid. § (9). 
Steel aed Iron, clastic properties at high 
tenijieratuivs. See “ Steels, Sjiecial,” § (4) 

(B) (V ). 


Btructiiro breaks down, the plastic state w’hieh Steel Casting, result of reheating. See 

13 thereby reached is sot in motion and forms “ Iron-carbon Alloys,” § (8). 
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to in<T 0 nw the tou^hnosa tvithout de- 
j etrl\»nf^ the h*r<!t\eRi», eonstituted the ob. 

I tinii.M Imes for*!" 


y>erim('nt, and aatiafaetory 
aehic\< iiU'iitM Mere the n'ai^lt. Ja't us llwt 
of all eoii.si<l«'i the elTeet (»f a<l(hn^' gnidual 
Jileieiiieiit.N of (atlmM eotilenl in sto<*l. 

Jn 'I'ahh- 1 will Iw found the anahses <tf 


STEELS, SPECIAL 

I. GeNKUAL C<)NSinKKATIONS 
§ (1) Influenc’e of Varvin<; Composition. 

The engineer, in the apjiheation of knowledge 

pined by the physRpl and himself, is kmited . 

by the properlies „t his inate.iaK 1^11.11.1 e.iib..,, sieels > m vili.eh the earbm. inV™ise« 

hirly IS this sn in ri'n.ird tn iron and steel,* f,,,- , o ,„.r rent. I•■llll meehaniinl 

and the ohjeet of this aitide is to indu ate 
M’hat has In'en done to develop speei.d .steels 
fur the furtluM’anee of engiiu'eniig prtfgress 
in different tields. It may bt* <d)served that 
during the last deeades metalluigieal (h‘Vt‘lop- 
ments ineidentally have insjmed d(>veh»pments 
in enginc'erins]:. The development of the mass 
production <»f stt'cl hy tlu* ilessmnei, Suuneiis, 
and Hubseijuent jiiocf-sses nmdered modem 
engineering jio.shihle on the jue.sent m ale, but 
it IH juopohed to de\ot(‘^his article to the 
eompoHition.s and propertuvs <»f Special St(*els, 
ratluT than the methods of jiioduetajii 

(i.) Carbon S/cc/s, 'I’he eaibon steels an* 
dealt v^ith c'hsew lic'ie, and ik is therefoit* foi 
Jis to eonsiii'r the effects •of the addition 
of other elements to tlu* iron-eaibon steels 
or alloys upon the diffc'ic'iit jiro^eitu's. One 
docs not re(|uire to go hack m«»ie than two oi 
three gemu’ations to* Imd wrought non as still 
the essential constnu (lonal mateiial in this 
field. The last quaiti'r of the ninctec'iith 
century witnessc'd its icpiaeemeiit by slec'l, 
but it IS of mteiest to ns old tint e\cn the 
quantitative infliieiKe of ea*bon when addcsl 
to stc'el in varying jiropoitions was not 
W'orkc'd out until the laltc'r portion of last 
century. Carbon of all the elements has the 
greatest influence upon the properties <»f iron, 
and it will be apples Mted that, until iTs 
influence was settled, the true \alue ftf Athcr 
added elements could not be deternniud. 

I’hc early chemists did, however, con<«a\c‘ 
the idea of imjiroving iron and steel by 
alloying other elements, and not.ible anio^nrst 
them was Faraday, who actually jirodinrd 


per cent. Full mcs'liannail 
tt'sts also aie gi»en, which eleaily indicalo 
the inllueme which this inciease#in caiboii 
has had in modifying the hardnc'ss, ductility, 
and gc'iu'ial nu'chanical jirojic'rtic's of the 
materiail. 

'riie.so tc-sts aie all jieiformc'd ujion the 
steels in the iioimalisi'd condition. It is not 
hcie piii|>ohed to diM-uss in detail the intbn ncc^ 
of (.ubon, .MiK-e that mattcu forms tin* sub- 
ject of a special aiticle flsewhcTi', It will, 
liowc\ci, be .sec'll that as file caiboii content 
ineieases, the nia\imiim stic.ss in tons per 
squaic^- inch which th(‘ ni.iteiial will withstand** 
incic'ase.'', whilst the dm tilit\ deeieases. It will 
be seen that the I/od ilotchc'd bar* test 
ittlu ates a gradually dec leasing absorjitioii 
of encigv dining fractiiie as the eaibori 
incK-asc' 'Fhc' higluu’ cai bon V'tei'ls of the 
sc'iies in thin sc'ctioiis, as m the ca.se of 

knives, some' foiiiis of tool, etc, ^iiay bo 
h.iidened satisfactoiily, but w hen^’he.sc ctiori 
of the m.iteri.d attains any considetablo 
thickness, then cjueiicliing m v ati'r which is 
the* nubst elleclue methoj/ ^»f (pienehiiig - 
doc's not (aii>«iway the heat cjiiickly enough 
to cause a siifficic-ntly rapid chop in tempera- 
ture to enable the' huidcned condition of the 
matcrij|l to be letamcd thntighoiit the* mass. 

!t w',11 thus be .scon that if we were coiitined 
to caibon .'Jc'cls it woiihf not be possible to 
pioduee, in heavy massc's, ]»aitH*ha\^ng the 
chaiaeteristics of hardeiu’d if nil tc'iiiperc'jl 
stc'cls The' addition of nifl el, cl iomium,and 
otlic 1 c‘leiiien‘H IS |»ai lieiilarly valuable, he- 
CHUsi they facilitate an easy • ■jqiK'ssion of 
thc'iailion < hangi'-point and therefon* enable 


chromium and othi'r alloy steels as <>T»ily as j large ma.sses to be (|uen( bed s.itisfactonly. 
1822. It will be appreciated, howevei, that | If steel is tii.st quenehed and then tempered, 
until suitable analytical metliocih had been ' 


the lesullmg mechanical iircqieities, lor the 
Hftine hardness, ate gc*iierall\ supcTior to the 
pnqieitic's ..btaining in cai^ion steels in the 
normalised condition of such hardness. It 
will be .sefn, therefoie,that the essential feature* 
of alloy sb'c'Is is the imjircfved meehanieal 
propeities foi the same liarclness, amii incident- 
ally, that steels of much greater strength than 
ordiimry e.irbon steel can be obtained with 
satisfactory eafiacity for plastic deformation 
still rc'mainmg. 

^ '(li.) Alloy SIpcU . — 7 hero arJ several special 
tools of hardened carbon steel, w^f the j alloy steels which come in quite a different 
original outstanding features in the physical j category, siru'c the addition of the special 

properties of iron and su'd. To increase the I , w „ r. r , 

‘ \ -.,1. i. 1 ■ Ai A L 71 1 W H. Ifntflelil, Proc. Intt. of Automobile 

hardness without reducing the toughness, ( Kngineers Xpril * • 


devised to dctermino the exact (oinpo.sition, 
as well apftnieroscopic examination for studying 
the constitution, and suitable means of therm. il 
analysts, and until steels were studied from the 
standpoint of phy'^iciil chemistry, the experi- 
mental production of i^ieeial steell was earned 
on in an empiruial manner. NcverthelcHR, 
important discoveries were made prior to Phe 
birth of metallography. 

The “ toughnc3.s ” associated with'^wrougTit 
iron, and hardness associated with cutting 
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'|BLE 


; V 

Sti'ti. • 

0 I.') jH'rcent 

* 30-1’on 

40-Ton 

50-Ton 

0-9-1 0 per 
cent Curuon 

Carbon. 

Carbon. 

t'arbon. 

Carbon. 

(!(irl)()M, jKT cent • ^ ■ 

0 15 

0-3 1 

045 

0 GO 

0-90 

MangancHis [kt cent 

0 .10 

% 0 07 

0 70 

0 09 

0.55 

Silic(jn, |M r cent .... 

OOtf 

0 14 « 

015 

0 20 

Oil 

►Sulphur, i»cr cent .... 

0034 

t 0 048 
^0 04 

0 044 

0 04 

0-036 

riioHpfiorus, ])or cent . 

0018 

0 030 

0 039 

0 031 

Chromium, [jor cent 

Nil 

Nil 

Nil 

Nil 

Nil 

Nickel, |K^ccnt .... 

# 

Normalised, 

Nil 

Nil 

Nil 

Nil 

Condition 

Normalised. 

NormullHed. 

Nonniillsed, 

Nonnaliscd. 

1)00'' (!. 

850^ C. 

820" C. 

819 ' C. 

850" C. 

Tensile — 

# 





Filastio limit, tons/sq in 

14 0 

20 05 

21 5 

27-0 

2,1-16 

Yield point, tons/wi m. 

HO 

20 70 

22 9 

29 10 

32 4 

Maximum stn'Hs, lonH/sq in. . 

21 1 

.35 1 7 

41 2 

48 00 

59-4 

Klongation, per cc'tit 

iTt 0 

30 5 

25 0 

22 0 

11 0 

Kcdui tif)n of arc#, per cent 

73 50 

54 0 

47 0 , 

37 9 

15-5 

Toisinn — 






, Yield 

7 03 

14 I 

15 0 

10 0 

18 8 

Prohahlo maximum stress 

20 95 

27 5 1 

29 0 

33 3 

35 7 

l^'gors twist . 

1070 

.548 

434 

320 

184 

l/.od, ft -Ihs 

81 

' 33 

28*1 

8 

2 

Arnold reversals .... 

450 

444 

5(K) 

480 

352 

Stanton blows .... 

Sankey, ft. -lbs 

lOlO 

1413 

/244 

1139 

204 

1.100 

1700 

3974 

249tl 

1112 

lirinell number .... 

95 

150 

170 

'223 

280 

Shore ntno^er .... 

21 

27 

29 

35 

40 


elotnenlH t.(» the alloy givca (iistiiietly dilTerc'nt 
nioohanicul aiid^pjiysical proportios, as in tho 
caH« of iuangaii(‘H<! ateel, •'Inch contains 
12-14 per cent of nianganesc, as a result of 
wliieii it IS non-magnetie, i.e. may bo in rtio 
austeiutic con(liti|*n at ordinary temperatures, 
has an abnormal capacity for plastic di'forma- 
tion, as sliowii by tli8 elongation ayd reduction 
ot'aroa for^a givim tonnage, and resists wiair 
ijbnormally ; ^2-11 per cent chromium steel, 
which may bo, in t^io hardcuu'd and tem])ered 
condition, jierfectly nist-resiating ; and in the 
ease of tho “J^j^var ” metal, where tho luhlition 
of a large peicentago of nickel has produced 
a profound efl’ect upon the coefiieient of ex- 
pansion. 

As an instance of tho largo range of 
mechanical jiropertios which can lie introduced 
into one given high tensile alloy steel, Fi<j. 1 ^ 
will bo «)f interest. In the curves is 
'shown tho diverse response which nickel- 
chromium steel, svhen hartlened and tempered, 
may be nj^otlo to give to tho various standard 
forms of mechanical te^t. Micrographs A to 
F illustrate changes in structure accompanying 
the changes in properties. . 

In the article on the “ Iron-carbon Alloys ” 
the iron-earbiikr^ diagram has lieon thoroughly 
discussed and illustrated, and W'O must 

‘ W. H. Hatfield, •* Tho Mechanical Properties of 
vSteel, with some Consideration of the Question of 
Brittleness,’* Jnst. AJtch. Engincera, May 1910, 


here record that the addition of the various 
elements in tho production of spi'cial steels 
results in a delinite change of the position 
of the lines of the diagram. xMthough 
much quantitative work has not yet 
boon carried out into tho elTi'ct of the 
v^irious elements on the liqiiidua and solidus 
lines, yet it is detinitoly kinmii that those are 
subsCantially moditied. ^^’ltll huge additions 
of HjH'cial elements they are freiiuently 
depressed. This is a fact of con.siderable 
importance, since tho lowering of the solidus 
line demands most accurate control of tho 
teniporaturo used wlien tho steel is heated 
for forging and rolling operations. The area 
of the diagram who'll marks out tho solid 
stilution phase has its boundaries considerably 
modified ; for instance, chromium, by its 
effect of raising the Acj or carbon ehafige-point, 
restricts tho ^irea, whilst nickel, by lowering 
tho temperature of this phase change, exteada 
tho area. Again, take the elements tungsten 
and molybdenum ; their presence in the 
extremely complicated ste'^ls which will be 
deklt with results in modifications of the 
Vagram, which have not yet been worked 
ofit, but which are of fundamental import- 
ance in those industries which utilise the 
high-r|^ed cutting properties introduced by 
those elements. There is definite evidence 
of complex changes imperfectly understood 
taking place in tho higher reaches of what is, 



STEELS, SPECIAL* 


iron-carbide diagram, a solid solution j anf have^eii fairly Mell done. The ternary 
It will be clear that with such fuuda- £<j(|wm8 arc more complex and* cannot bo 
I changes the nucro-structures of the | <^)nlidenxl in ^ly jnstanco tt) have been 
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j I BrineP Hardnus UnmMr | 

FlQ. 1.- Nickel Chromium Steel. (Hartlciica and then tempered to pradually asccmUiiK l< mperaf nres ) 

steels, after various treatments, arc in no investigated comjdetely, wlpllt the quaternary 
Bcn.se comparable \Mth the structures ohtainc<l niul still mor^ complicated alloys have not, 
from carbon steels, hut as each ternary or as yet, been .systematically attempted. Never- 
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Micrograph A.~dBrlnell 470.^ Uardenwl C, tt-mpcml C. 

• 

quaternary system would require a ^special ‘thelcMs, it will 1x3 fwund, on further perusal 
section to itself, it is proposed to Iftave the of this article, that of the steels 

subject hero. * actually employed, notably the high-sfieed 

The binary systems are simple to investigate tool st^ls, c<mtain as many os five spccnal 
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eleraenta other than carbon and manganese, j f(?*lhi8 article. It is of interest to 

It will at once be obvious that such ■ <eikleavoiir to correlate the va|fkes obtained 

have not had their compositions determine*! {^fmm the harries# testa with the general 





.MKrograi)l#K, — (Bunell 24H ) 
i • • 

by a conscious systematic lesearch, but 
indicate to some* connidcral^ extent the 
survival of the ci)j{)jnc<d methods vhicli had 
to 1)0 employed m the early .stage.s of steel 
metallurgy. Many such alloy.s liave, however, 
unnpie properties winch have not as yet been 
obtained from more simple alloys. 

§(2) The Hahdne.ss or8rK('iALSTEEi..s.— In 
discussing the hardruvss of steel it is neeeshury 


tiartlcned H.'sr (’ TcinpcriHl O.W’ C. 

• 

w'elbkiiown .scales of hardness ajiplied, for 
instance, by the giailogist aij^l mineralogist. 
Mob’s )*ale of hardness, for instance, ef»nHistH 
of the vaiying haninesscs of tlu^ following 
scrie.s and onh-r of minerals : ^(1 talc, (2) 
selenite, (.‘I) lalcite. (4) lluorspar, (5) apatite, 
(j\) fcl.sjiai, (7) <piart./., (8) topaz, (U) eoiundum, 
^0) the <liamoml. ^ • 

Inve.stigatians have been earned out, of a 



• • 


Micrograph F.— (Brincll 2{f!^ Hardcaed 850'' C’. TemI)t•r(^d 700'' C. 


that wo should first of all fix updji a definite 
quantitative meivsuro of that property. The 
methfols employed in testing the h^fdness of 
steel are those deviw'd by Brincll and Shorty 
full particulars of which w-ill be found in the 


satisfactory quantitative type,** which clearly 
show that the whfje rangfi of steels, i.e. the 
softest steel to the hardiest steel, lie, in terms 

' R. A. Hadflcld, /n«t. of Mech. Engn,, Jan. 1917, 
p. 762. 
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of Moh’fl Bcale, in the region • <M)We<l 1^ of the 
(4) Hii()rHi>ai^,(5) apatite, ((5) felspar, and Jl'p made by 
quartz. It is considerecf tifct the harc^t^ limited in 
condition of steel corros^imls, on Moh’s the ball. 


of the raeaeurement of the impression 
made by a hardened steel ball, is obviously 
limited in its o^ieration by the hardness of 
the ball. The steel used for making these 


setfle, to a hardness of barely 7, whilst the Hrinell balls is a high carbon steel with a 
sofUist condition corjjesponds to a hardness small addition of chromium, and in the 
just under 4. The Brinell range coveringl hardened condition is supposed to give the 



200 300 400 500 600 700 

Brinell Hardness Number 


those values runs from a Brinell numlyr just greatest hardneas to be obtained from any 
o^er 100 to' a Bflliell nuiRln'r of 700. If ^\e type of hardened steel. If a high carbon 
now desire t<» e(mipaiv the haiilness values steel, say per conticarbon, is hardened 

obtained frem the Hrinc|i method with the in Jiiin section, the hardn^ so obtained 
Shore mcth«)d. Fig. 2 is of interest, which cannot be exceeded. This harancss is approxi- 
Bummarises the results of numenius investi^a- malely 700 according to the Brinell sc^e and 
tiona made ip the Broun -Firth Beseareh 95 feo 100, according to the Shore values. 
Laborattiries with a view to correlating the Many of the special alloy steels which hanlen 
hardness by those two ^methods uith the thoroug|jly in relatively large masses, i.e, 
maximum stress, in, tension, in tons jier harden tiore readily than carbon steels, 
square inch. * flo not possess in their hardest condition 

The Brinell test, consisting as it does the same intrinsic hai»dne.ss possessed by 
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hardened high carbon steel. If prof)erly I slpcla now employed in tlie indus^ruil arts will 
hartlened carbon steel or alloy steel is tern- ' ■bi|f<)und 8tjit4'd fiilk later in tlfis article, and 
pered to ^gradually ascending temperatures, j,it Is pn.jtnsedy thereh)re, to dc'al only with 
the result'is an ultimate and gradual softtuiing, , the matter in geiA^ral t<>rma at this stage. In 
until Brinell values in the neighbourhood of | Appendix I. will be found ?i summary of flie 
and lower than 20() arc reached. It is of Linoro useful and mort' ffcnerallv used btrins 
interest to record that there are a ^lumber jof test which are employed to measure the 
of alloy steels which, on tempering through/ meclianical pro|K‘rties of steel.* The engineer la 
the low range of temjx'rature, say from norma^ mtereste«l, in the first })lace, in the uiechani- 
tomi)erature8to3(M)^'or4(Xf('. and even higher, ca. Btrength as measured hv the maximum 


actually increase in hardness, owing to the 
tempering operation heforo the ultimate 
softening effect by still further increase of 
temperature is attained. However, to deal 
adequately with the wluilo of the different 
steels in this short article is impossible, 
and we shall have to leavi* the matter with 
these general observations. Wh(‘rever tables 
of mechanical properties, ( te , an' given it 
will.ho found that, when jsissihle, the hardness 
values according to bom the Brinell and 
Shore tests ha\o been included. 

Hardness should not bc' too n'udily aceejited 
as a direct indication of pro])crtics which arc 

* usually assi^iatcd with hari^u'ss, as there aie 

* several anomalies in the metalluigy of sU'cl, 
such, for instance, as the easg of the cut- 
ting pro|K‘rties (ff fiigh-siiced tool steels, the 
cajiacity for rcsistiflg weai and abiasion, etc. 
Whilst in both cases the hardness data are of 
interest and, milec'd, essential, yet c.xperimcnts 
show' that this is not nccessaiily tlie determin- 
ing factor. 

Whilst dealing with the hardness of steels 
it is of interest to ini'ntion the change in 
hanlrie.ss which tabes place in vanons steels 
when they are maintained at gradually 
ascending temperatures, (.’hangesin eomposi- 
tion lead to sonu? steels mambunmg tlft’ir 
hardne.ss better than others at these, high 
temperatures; see, for instance, Table 2, 
which gives the actual relative hardness of 
tw'o sti'cls at ti'injieratures uj) tn from 

data (h'rived from experiments ('ondiicteil by 
the writer. • , 

Table 2 


1<>FK(T OF ixeaK\sixo Tkmpkbatubk on 
IIabdness in Huinkll Ni’MBEBS 


* 

" c. 

Hardened Carbon 
Tool StA'Cl. 

Hardened Hlgli- 
s|>eed Tool Ste<*l 

15 

080 

652 

100 

* 08<t 

• 652 

200 

^080 

620 « 

300 

.630 

570 t 

400 

385 

530 • 

600 

3(X) 

,400 , 

000 

ISO 

483 

700 

125 

36.5 

i • 


§ (3) Meohanioal Properties. — The* 
mechanical propertiea of each of the typical 


I stress 1 ^ tons per .squaie inch, and, in the 
I seoiSid pla< e, with the duelilily ifs measurt'd 
' by (he t'longation and reduction of area. 

1 The tmisile and torsion test gives information 
[ of similar <irder. The data from llu' auxiliary 
' te.sts such as the notched bar tests, alternato 
I bending tests, etc., provide data which are 
j eonsKlered to throw still further hglit ujioil^he 
' behaviour of .siu'h jnateimls m w*r\]ce. 

Speaking generally, lli* alloy steels may 
nio.stly he put into a whole range of conditions 
by hardening ami tempering to vurioi\ii, 
temperatures. Their tensile strength in tons 
[ per squiiri' inch will hi' found to rang <4 from 
I ygiires approximating to 130 and 140 tons 
per squaie ineli down to a tensile strength 
I in tons per squaie inch in the neighbourhood 
of 40 to^s. As the maxiinuiii^jtresH falls the 
duetihty mereases (see Fkj, 1). One interest- 
I mg eliaiaeteristie hioiight out hy^tht* notehed 
bar ti'sts is that small (liiTercnees* iii heat 
treatment, paiticulaily in the niekel-ehromium 
slt'cls, aie liable to modify tli^' ease with which 
a crack once ^farted will jlropagaie through a 
steel article made of such material.® 

• The Wohler fatigue \estH aie heconiiiigimore 
appreciated and understood, since it is realised 
that *1110 simple forms of* test do not give 
information which always can he lelii d ujion 
to give a tfiie indication as to ll» \ due oiithe 
dilfercJit inatenals under 8eiv»e conditions. 

The W(*ar b'sts also, ^leli as those deviid'd 
by Stanton, Sumter, and others, are also 
eoining to the front at the present time, sini'C 
it is found that the ordinary forms of mechani- 
eal testing do not give reliable information as to 
the abrasion resistance of materials. In other 
w'ords, as should be the eahc in a progressive 
j ^cience, the methods and the undcistanding 
' of methods of mechanical testing are developing 
, from year to year. Mucdl work is required 
I to be d*ne on the re^stance ^^^itee^to cornplq^ 

' systems of strejLsmg. • 

I § (4) The Influence of Temperature upon 
j THE Physical Properties op Iro*^ and Steel. 

I — 13)6 structure and physical proix'rtics of 
j steels at ordinary temperatures are considered 
! under various heoilings thaoughoiit this 

! .article. The influence of high temperatures 

• » 

* See also “ Klastic ronstants, Deteririliiatlon of," 
Vol I. 

• PhlfiioU, Jntlitutvon of Aulomobile Engineeri, 
Stanton ^nd BaUon, Intt. Civil l>ec. lyilO. 
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is alroa<ly a (luestion of tlio greaCest ^ndustifal . alloys, arul in his paper will not only be found 
iinportancofmnrl whilst the influence of v/r^ a detailed account of his own work, but also an 
h»w tcmpcfutuo's is yel unduly of scienlflflq, ! excellent l)il)liop;ra])hy. It may be ^mentioned 
interest, then* are sieiis Uiat the indiistiial ! that both vSir .James Dewar ami* f^rofessor 
irrterest has heccfiiu! real. 'I'ho data extant j Barrett assisted with the work. To subdivide 
for tho consider, itioi^ of these aspects of stei'U . the data will probably simplify the study of 
metallurjiv, whilst i<‘lativcly scanty, are quit(|! the coviparative results. The ])appr under dis- 
irnportaiit. V<^'**ssion contains a mass of data which should 

(A)TiiiclNrn,irK\('i:<)i.'LowTKMPF.HATrRES. ^4,e carefully studied, and the writer therefore 
-It may appeal only of scientilic interest to only i)n)i)oseH to select such fluurcs as will 


study the effects of temp'raturcs so*low that 
they are wfil on the way to absolute zero# but 
if such interesting ard, by the w'ay, c(Htly 
experiments provide us with distimtly un- ■ 
expected modifications in propmtics W are 
much ti^ I he iJ;ood, if for no otluT reason than i 
tli.it a study of the metal in such a condition 
W'lb probably enable us to ae(‘om|)lish simibir 
modifications of pioiierties at hit'll tempm-a- 
tiires. 'I'lu' followAiio inten'stmjj; ijiiotation 
from Sir II. A. Iladtield’s 1!)I4 Faraday 
^Society addiess will illiislrafe this aspect. , 
“ Ileci'iit e\[i(Miments m .Anu'riea sliovv th.at ‘ 
at a [em|)ei'atui(‘ of about minus F , or j 
close ii|)on absolute /.eio, metals h»so they’ J 
resistaiue to such a remaik.ibh' degree that the i 
eniu'gy develojusl at the power-house of 
Niat'aia, so it^'is stall'd, could be transmitted i 
over a ipiife small metallic wire, simply be- i 
cause ri'<ist^inc(' vanishes at these teni|)era- [ 
tur’i's. It will thcK'fore be sei'ii that theie is J 
good ground for my statement that before ' 
long we may li^ive to consider not mera'.y j 
heat treatment etTc*>ts, that is an iuciease over | 
normal ternpi'iature, but rdso tieatments 
belov' normal temperature.” t 

Frobably one of the earliest investigators 
in this field was*^ Mr-. T. Andrews, F.K.S. 
(Sheflield), who read«a paper before the (’ivil 
Fui^ nei'i's in/ 88(1 dealing with the Fntluence of 
cold upui railway axh's, d’he subject was 
okvioiisly a live one,,[ind Mr. Andrews earned 
out distinctly practic.d expeiiments down to 
tempei'atures as low as - 4o" ('., showing that 
ivsistance tiT shoi k decreased. Sir James 
Dewar and Di’. Fleming (mblisheil a si'iics of I 
researchc'^, commencing in 1802, dealing with , 
the electru'al and magnetic pn>perlieM of metals 
which were of great assistance in forming 
modern views concerning those properties, ' 
and incidentally linted out that diffeient 
qietnla w'e|'e a^'cted in^ <li verse w'a^'s. Sir 
.lainos Dewar (T<,‘tinitely indicated tliat tho 
strength became much greater with deereaaing | 
temperaturi^, and that Young’s Modulus of : 
Elasticity w'as found to lie greatly increased. 

To Professor Kudeloff we are indcbterl for j 
interesting work upon wrought iron and mild , 
steel, wdiich indicated a stitTening of these 
matenals with lower tem'jH'ratures, i 

In lUOa,' however,! Sir R. A. Hadfield pub- j 
lished his researches dealing with iron inid its 
1 Jfl. joij S.r., lUO.'i, I. U7. j 


iiulicato the trend of the deductions. 1’he 
discussion which followed the reading of the 
jiaper, and in which most of our leading 
metalliirgi.sts took ])art, should also l>c con- 
sideri'd, 

(i.) WroiK/ht Iron . — \VYought iron is tho 
n(*are.st approximation to fhe pure metal used 
in the research, ami may therefore convi niently 
be studii'd as the starting-point. 'Phe results 
here given average ^Jlie figures obtained *rom 
six different irons which analysed; carbon, 

0 04 pcrci'ut, silicon, 0 07 percent; sulphur, 

0 per cent; phosphorus, 0 004 per cent. 
At normal temperatures the maximum stress 
in tons per stpiaii.' inch was 20 2.7, ,aceom-j‘ 

paiiK'd by elongations of 20 to JO per cent. A 
lowering of t(‘mper,i,tures resulted in a 
stiffening of the m.iteiial, tensile strengths of 
40 to .7t tons ])er s(piaic tiich being obtained 
at the tcmjieratun' of iKpiid air, ?.r. - 182"^ C., 
but at the s.imc time, it may be jiointed out, 
the elongation w'as reduced to nil. The hard- 
ness regi.stcrc'd by the lb ini'll test showed 
that a figui'e of 00 for normal temperatures 
became 200 for the temperature of liquid 
ait. 

Interesting figures were produi'i'd lelating to 
tbc spei'ifie resistance, w hich may be mdii'ated 
as*Tollows : 

i, Microhms per 

Cubic ('ciitiinf'trp. 

'IVnqH'rafure of boiling water, UK)'" ('. l.^> 0 

Normal tenqii'r.itiin' 18’ r. . . 110 

I’l'iiqioratim' of liquid air - 182’ (\ . 2'0 

Dr., Fleming found that the pi'rmeahility w'as 
only very slightly increased at the temperatures 
.so low as -185" 

(ii.) Other Pure .1/cbr/.'^. — As an instance of 
tho influence of cold ujron other .simple metals, 
nickel, cofiper, and aluminium rbay be 
selected : 



Xiclol 

I'oppor 

VlllMllltIUIll 

NjOnnal tcmpc'raturt's — 

29^1 



,Max. stress, ton.s sq in 

15 

8 

e Elongation, jx'r cent . 

43 0 

42 

7 

-^’82° C.-- 




Max. sfl-css, tons 'sq. in. 

46 0 ! 

23 

15 

Elongation, ]H'r cent . , 
- -in 

61 0 

46 j 

27 


The figures require very little comment 
Suffice it to point out thi>t w'hereaa iron liecame 
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brittle, the ductility of nickel becomes con- i flie tenacity was not iiiatcriiillv iiKTcascd, 
siderably greater. ^ l|it that the elongation was leduced to nil. 

(iU.) Carbon iS'tcc/.s.— Turning now to steels ^ If is inteietti^^ to nole tha^ lladtiold's man- 
we have* seen the comparative intliuaice of ! gan<-'»e .steel pe».siste(f m the non-magnetic 
cold upon pure metals, and so the lirst quest ton condition down to - 1S2' V., which of coTiiw 
to answ'cr is, What is the intluence of the | indicates that the tcmpiiratuus of the breaking 
carbon? The following figures wijl ])roveJ down of the .solid solution had not been reached 
illuminating : /) even by so low a tempi iiitmc. 



0 It 


0 37 

0 .'.0 

0 7M 

0 K3 

1 00 

1 20 

C.irbon 

pir 

|H‘r 

I«T • 

1 .r 

per 

PIT 

rnr 

p.T 


( ent 

(lilt 

.,'111 

« lit 

..lit 

.< lit 

.«it 

rent. 

Normal temperature, 18" - 









Maximum stmss, toii.s,sq iii 

23 U 

41 0 

34# 

1.8 0 

4.7 0 

.71 0 

.70 0 

.70 0 

Elongation, per I'eiit . 

3tj t) 

22 0 

20 0 

1.7 0 

,7 0 

12 0 


10 

llar(lne.s.s (Itiinell) 



i 




! 


- 182" (' - 

1 


1 




1 


Ma.\imum stresH, tons .sq ui 

01 0 , 

Oil) 

1 00 0 

GOO 

00 0 i 

70 0 

70 0 

71 

Elongation, [kt ci'iit . . . ! 


7 “) 

17 0 


Nil 

^Nil 

Nil 

Nil 

• llardiK'ss ( Itiinell) • 


i 

3.38 



1 




ft will be notici'd that the con.siderable in- 
crease m tensile sticngtli induced by th(‘ 
increaso o^ eaibon at n<?j|mcd temjieratures 
i.s only retleeted in .small degree at - 182" (\ 
(iv.) XkLcI S}p(li.— \\\' liavg seen that the 
ductility of nieUfl is ineiiMsed with low 
temperatures, an4 it will be seen that the 
addition of this (‘hmient to sti-els a.ssists m the 
pie.servation of this property at low temjiera- 
tuies. 

SrcKis contm.msu 0 M 


{vi ) Other Slah. Amongst other nmneroii.s 
(‘Xlieiimeiit.s reeoidisl it may b(‘ noti^d that 
,<hioinium steels had then tenacity moderali'ly 
increased ami tludr eloiig.dions redmasl to ml 
b) a femperatuic of 182' (’. 'I'Ik* same 
j tiling .yipi'ais to happen to^iingslen steels, 
I whilst loppci steels aie interesting in so far 
I as the ten.sile is gieatly im reasi^, fhi‘ elonga- 
I tion lediiees to a veiy hov ligure. ‘As an ill- 
! .stance of Ihi* mlliieme of cold ujion a. tyjaeal 

• • 

■o n 111 j*hR < r.M Cinnos « 


Xi. Iv.'I 

1 02 

3H2 
p.'T . .'Ill 

•- 

II to 

V 10 (tl 

21.71 
]ier 1 ent 

[ti r . ent 

per 1 enl 

per ( ent. 

Normal t.'inp. r.itnre - 


* 


• 


Maximum slre.ss, toiis's(| in , 

34 0 • 

.30 0 

00 0 

• 1(H) 0 

00 0 

Kloiigation, p. r eent 

20 q 

20 0 

• 7 0 

2 7 • 

12 m 

• 182" 


1 

1 


• 

• 

• 

Maximum stri's.s, tomi/sq in. 

7!) 0 

77 0 1 

! 117 0 

•1180 

118 0 

Elongations, p. i .. iit 

12 0 i 

17 0 

7 0 

2 .7 

10 0 


.Stkei.s containino 0 70 -lo 0 03 i-eu i knt CaImion 


0 7 r» 
I)cr 
( cut 


1J0.S , 
per 

< I nf I 


l)er 

ent 


* I I ; ' I 

Normal temjieratures — I • I ' ' 

Max. stn-Hfl, tons/sq in j 00 0 I 88 0 I 41 0 j 
Elongation, cent . } 10 0 ■ Nil ' 30 0 


- 182" • • ' 

Max. 8trc8.s, ^ins/sri in j 70 0 , 80 0 


Elongation, {ter cent 


ly 0 I 
Nil I 40 0 ' ' 


(ir.) Mangaime Steels.^—Thc diita givf^ in 
table on following juvge will indicate the influ- 
ence of manganese. • 

It was found that with high carRon steely 

* 8ef artklc “ .Manganese .Steel.” 


alloy .steel, it is interesting to noti' that a 
nickel Jiionie steel (carbon, 0 44 ]>er cent; 
chromium, - I 71 |>er cent; nukel, 3 .I per 
cent) lia<l its maximum stress increased from 
00 tons lo 117 tons per square iiRli, whilst iti 
elongation remained stufionary at 12 jier 

This research briflgs inUTflfb lii^d data that 
will nltimati'ly prove of much value. 

jH) Tiik IxFLi'K.N^'i; OK ilion T^mkkkatukk. 
— T'he influence of temfHTatures above the 
nofhiiil upon the several jiliysieal jiroperties 
of different ft^eels is rlealt witli, under different 
headings where HUeh dataware available. I’o 
consider si»ecially' *he strength of steels os 
affected hy inereasing temperature, compara- 
tively* little ex|K‘riment{tl work has been 
publishes!, but several researches will repay 
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StKKLS CONTArNINO 0 0^ TO O' 15 PER CENT CaRBON 


' ' V 

.tir-coolod. 

Qucncheil 1048“ 0. 

Mang'intNc. • 





3 f) per cent. 

h 4 per cent 

10 08 per cent. 

15-27 pc-r cent. 

•' 

Normal lcin|M'ratiH'c« ~ 

t 

^6 0 



Maximum .streas, tons/sq in, . 

(iOO \ 

5(10 

39 0 

ICIongatioM, |)cr ofot 

7-5 Y 

Nil 

1 

6 

- 182M;.— 

T 




Maximum Htn'ss, loiw/sq in. 

it 88 0 

61-0 

62 0 

40-0 

Klongatlim, per cent 


Nil 

Nil 

2-5 


3tiitly.‘ TJlis Hiil)jc‘ct is oxtremoly important, 
RH ovidonrod by tlu' lai>;p development *of the 
internal eomlmnlion enj^ine, ami several im- 
portant row'arolies are at [jresent in pro^fress 
both 'in this et)untry and abroad. If wrouf^ht 
iron in heated, it hardens ii|) and loses some of 
its ductility, but with Mubse([uent increase in 
temiierature it rapidlv softens and increases its 
Cjipacity for jil.istic. defoi ination (see 'I'able II). 
Mild earlion steel is alTected similarly. The 
iiitlueneoof the addition of the speeial elements 
is foiuul to materially alTeet the d<'gree of 
softeninin attained for a givtui temperature, 
and this is particularly instanced in the ease 
of high ehroniMim steels and steels co^itaining 
much tungsten 
( 

« Tviu 


Htainles.s' high ehrornium stpel respectively, 
based on work by Aitchison.''* 

From the hot -working point of view, i.e. 
forging, pressing, or rolling, it is of interest 
to record that at forging temperatures 1050'’ C. 
to 12(Xr C., alloy steels generally, like carbon 
steels, have tensile strength of about 1 to'jl'5 
tons ]>er square inch, accompanied by a re- 
iluetion of area of DO to DO per cent. It will, 
however, bo appreciaOsl that the alloys added 
to the steel genendlv increase its strength with 
inereasing tem|)ei*aturo, so is f'lie lowest 
temperature at which it may be economically 
and satisfactoiiily forgeil iiyrcased. 

(ii.) Ilopktnson'.'^ I ni c'-'t{<i((tions. — When con- 
sidering the propcities of jlicel when exposed 

K ;i 





1 Mil.l CnilHiti Sti 


Aiiiii>a1e<l MiUel ( lii.uiiiiirii .Sto'l, 

Toiii|)«'raluri' 

- -It 







Koliut Kill 

_ . .. 

— 

UlHllKtlnn 


.M.uliiitiui 

KliJiiitiilloii 

it iliii'tliin 

Miixiitiiiui 

Rl.xitriitloii 

MjixImiiiiii 

Rlonc'iliixi 

... ' 

Stiuiut 

|M( (IMit 

I'or < t'lit 

! 

JK'I o ut 

IHTOIlt 


IHT Lent 

IHil rtllt 

ir> 

21 34 1 

29 0 

48 43 

, 27-2 

38 0 

61 0 

37 0 

31 0 

00-0 

200 




30 0 

v27 0 

58 0 

32 .5 

29 0 

68 .5 

300 

30 J.-) 

*■ 20 0 

31 

32 .5 

23 2 

.5,5 8 

31 0 

27 -2 

0.5 0 

•4(M) 

4 


2.5 2 

.37 M 

(W .5 

.34 8 

3.3 0 

05 8 

600 * 

l.W 

30 8 

.51 4 

20 0 

38 0 

73 0 

23 r> 

.39 6 I 

82 0 

*' (UH) 


i’ 


1 2 .5 

48 0 

80 0 

13 .5 

47 0 

93 6 

71H> 

4 78 

32 0 

62 7 

0 8 

.50 0 

03 0 

8 3 

.50 0 

90 .5 

800 




4 0 

0.5 0 

90 0 

.5 ? 

00 0 

!)7 0 

900 

• *, 



2 0 

76*-0 

08 0 

,3 0 

70 0 

98 0 


(i.) Tern peraf lire and Tensile Strenqth. — Tn 
Table !1 will bo found the effect of temporaturo 
upon the tensile pnqieHies of wrought iron,^ 
low earhon steel, and a nickel chromium steel 
os determined in line Ilrown- Firth Research 
Laboratories. ^ Tables and 5 will br^ found 
the effect on two diigh-speed steels and upon 

‘ Gulllot aii l Ucvillon, Proc. Inlemat. Assoe. Test 
Mattriitls, 1900, Hi.. ; llos^hhain and Huinfroy, 
Proc. Roml Stir,, lUOi), I\.\xUI. 200 ; lU'ngouRh, J. 
Inst. Hetnh, 1912, No. 2. viii. 176-177 ; A. K Hunf.iiR- 
ton, J. Inst. Metals, 1912, vill. l2(Mit ; Honda and 
TakaRl, Math. P\us. Soe, Tokyo Prof., 1912. (0) xx 
294-306 . llosenhnln and Kwon. J. Inst. Metals, 1912. 
No. 2. vlli. ; Rosonhldn ami . Humfroy, ./. Iron and' 
iHefl Inst., 1913, 1. ; BrcRowsKy and Spring, Her. de 
MitaUnryie, 1913, x llt-123; A. K. Huntington, 
J. Inst. Metals, 1911, No. 2, xxi ; Hpi^ and 
Jones, Met. atul Chem. Rng., 1917, xvli. 07-71. 


to high temperatures a reference to the valu- 
able work of Hopkinson and Rodgers * must 
not be omitted. These w'orkers investigated 
the elastic j)ro{ierties of steel ami Iron at 
tcnqioraturefl ranging u}) to 8tH)‘’ C. at stresses 
considerably below those required to rapture 
the material. They found that as the tempera- 
ture rase the I stress stntin relations became 
considerably modified, and simple change, 
•vhidH may be best doscrilied as “ time effect ” 
or ' “ creeping,” increased greatly with the 
temi,x'rature. They point out that steeb at 
higli temp^atures actually behaves like india- 

* fnstitt^ion of Automobile Engineers, 1019. 

* Proceedings of the Royal Society. SitIcs A, IxxvI. 
419-425. 
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rubber or glass, i.e. if it l)o stressed for a time | corresiMuids fo tlio slow rctum of l^be steel. In 


and then the stress be removed it does not at 
once reccyer its original size, but after the 
immediate ehistic recovery there is a further 
slow contraction |)erceptible for many minutes. 
They observe that such creeping cannot bt^i 


Tablk 4 
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(Jhrormuni 

17 30 
:i 80 
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bi" C. 

58 4 

.50 0 



0.^0 

24 7 

20 1 



7.-)0 

j:i 2 

10 0 

M.iS , tons/sq in nl ■ 


8IM) 

10 3 

7 1 } 

• 

, 

11 1 

0 0 


‘MX) 

8 8 

8 2 1 


' D.'iO 

0 0 

1 ‘ ! 


I in|ia-rubl»er, und^r certain •Trcumstanc'es, 
j•Ur|H'l cent oi^the stri^n disapja'am in time 
' after nunovnl of *1110 stn‘SH, but m steed at 
1 dot)"’ C. the proportion is high as !.'> fler 
|cent. They state thai another elTeet of 
creeping is to make the determination of 
Younc's modulus a matter of some uncertainty. 
Thus the cxten.Mon of the bar at G(Xb C. ])ro- 
duced by a given load vanes l.^i jier cent or 
more aetordmg lo the time ot amdieation of 
the* load. They point out, however, that 
when the load is ajiplied fi>r only a very short 
time, say one or tsvo seconds, the strain pio- 
duceii seciin.s to approach a detinite limiting 
values which is the- instantaneous extension 
or contraction of the bar observed in t|m 
exp<‘rimi*nts wlum the load is apjilied (<re- 
moved. They consider lliat one might detine 
the Young’s modulus f('i « metal m this state, 
iis the stress divideil by tins limiting in* 
stantaiK'ous strain. It is imlejicndcnl of tly 4 
manner of loading and (|uit(' a delinite |thysieal 
constant 'I'liis creeping of steel atg high 
ieinjaratuies is of gient practical interest, 
and must be familiar to our practical shad 
woikers Fiom the theoretical standpoint 
two panels, eontnbuted by ^osenhani and 
Hiimfr(*y,* are paiticularly interesting, since 
ajiart from the general cdTia t iricfcaso of 
tempcratuic they sought to deterimnti changes 
m stiength coincident with (bangt's in jihaso. 
’Wiey comdude that the softening elTect up to 
the Ac, chayge is there* reversed, and that 
with the appeaiance of the (Jamina jiliase u 
.^ight tempor.iiy harifening is observed.* d'ho 
I wntei wouhl, however, sii^iist that the tables 
I of d.Tta alieaily fuinislicd give for engineeiing 
i purjioscH a reliable indaation «)f the changcB 
111 stienji^b taking jdace with inciwang 
' temperature. • • 

§ (5) SrhciFio (Jran^tiks. — Tlio speiliio 
gravities of variou.s steels aie materially 
alb ted by compo.sition. The Bjiccifie gravity 
' of puie iron may lie taken as*7^92. If wo go 
, from pure iion to the carbon steels we find that 
the speciliii gravity slightly dtercases as the 
carbon n.Hcs , for instance, carbon tool stool 
with a carbon content of 1 20 jM?r cent w ill have 
I a speiilic gravity oI 7’S»}. Chromium also 
' tends to deeieasc the spellfic gravity, and the 
' writeriias found tl^t a l^jy^ cegt chromii*m 
I steel has a sjiecilic gravity of approximately 
I 7-76 when in the annealed condition. On the 
f # j other hand, ivckt4 and mangaliese are re* 

with other cases of a similar kind, and*thet | spynsiblo for slight increases. Thus, 25 jier 
instance the slow recovery of a glass fibre iffter l cent nickel t^eel has a spociiic gravity of 7-96, 
twisting ; if such a fibre be twisted to a^on- j whilst 14 per cent manganese steel has a value 
siderable angle for a definite ]>efiod it will ^ of 7*87. The influence of Iwgh silicon is in the 
recover within two or three H<*cond* of the i dimdion of rcxlucing the sjH'cifie gravity, and 
removal of the stress all but one*fift/^th of thg | this is emphasised by the acid resisting 15 per 


detected ordinary tom|lbraturcs, but that , 
at’ a red heat it attaiiK'd a diffcrmit order of j 
maguitudi', becoming in its total amount a i 
8ub.stantial frattion’of the whoft deformation. 
They consider that this plumomcna is ana- I 
logons to residual charge in glass or other i 
di-(‘leetrics ; the stress corrcsjiotuling with the 
electric force and the strain to the electric 
displacement. The magnitude of this creeping 
m steel may best be nuMsured by a comparison 
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twist The remaining recovery, amounting 
to about onc-fiftieth of the whole deformation, ^ 


» Royal Socirty Proc. A, IxxxUl. 
Stul Imt., 1013 , 1 , p. 210 . « • 


Jour. Iron and 



526 STEELS, SPECIAL 

cent silicon ^flloy -with iron which *iui8 a sjwcific of the coefficient of exj)an8ion of pure iron give 
gravity of duly (j-S.'l. take high-sp#^*(I •0000116 for the temperature range 20° to 
tool steels: tungstel^ causeA a suitstanliah 100° C. Petueen 20° and 500° C. #tho mean 
iuer(iase, and Ihis nuiy he judged from tlie eoefli<’ieiit is •(XKX)142, and between 20° and 
fa< t that a 11 [leV cent tungsten steel has a 000° OOOOIOI. TIui influence of the 

speeilie gravity of H S7, whilst an IS per eenti various elements on the dilatability is very 
tungsten ste<‘l is in the neighliourhood of S- 70. \ small ereept in some cast^ of steels near the 
Cobalt and molybdenum have similar elTeets. ynitieal eomjxwitions. For ranges of tempera- 
In the ordinary way the sulphur, phosphorus, \|ires between 20° and 2(H)° (J. there is a lower- 
and silicon piesent in steel are not there in mg of the dilatability with inereaso of carbon 
Hullieient (|^iantity to have any me*asurab|e content, for ranges betvieen 200° C. and 600° 
efh'et. 'I’he' jireceding figures are <|uote<1 as C. the expansion for all percentages of carb(m 
regards the soft eomlition of the steel. In is piactieally the same, ^\hilHt for higher 
nearly all eases the hardened condition^ has a tempeiatures still there is a gradual increase 
slightly lower speeifio giavity, the extent in the dilatalnlity. Tungsten causes a slight 
depending on the «-omposition of the stci-l. lowering of the eoelhcient of exjiansion for all 
:n^ greatest reduction, owing to the pieserva- ranges of temperature. For ranges of temiiera- 
tionVif tho hard condition, however, is only tui<‘ up to KMJ” C. manganese tirst causes a 
about OOo in the sjieeilic gravity. One in- ; siiiall <lrop m tho expansion until -9 jicr cent 
4 ^ • 

'I’ahi.k (I 
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tert^liiig exetption is (he 12-14 per rent j mangirtiese is i cached ; there is then a ma\i- 
manganeke steel,* which is hanlened hy tem))er- | mum about 3 per cent manganese, after which 
in^, and. when liaulcned, lias actually a I theie is a gradual drop till a peieent.ige of 
greatiT density m the louder eomlition than 7 per cent is reached, wiicn there is a sharp 
in the (lamnoi^i'i^nditii'n, w hich, however, does ri.se epineident witli the appearaneo of iron 
not eoi respond to the soft eomlition of ordinaiy m the austenitic eomlition. A similar state 

of atTairs* exists for tomiieranire ranges about 
1’he data given in Tahl(> 6, ju-epared as .“itKC V., hut at 8W° C., after the first small 
result of exjK'rimental work in the iirown- drop, theie is a gradual rise of dilatability wdth 
Firth Keseareli Calioratoiies, may ho of* inereasing content of manganese. Nickel 
iiiten'st. causes a slight rise in the coeffielent^)f ex- 

§ (6) FxvansionT>k!Stef,is.-- The influence r--- ^ . 


ofrlhe vaiimis 4 ik/''Mits ui the dilatation of 
steels has received^ comparatively little atten- 
tion from iiiyostigators, hut theie are, fortun- 
ately, several works dealinjt wiih the influenee 
of some of the elcimmts to which referci.ee 
should he niade.^ The host du^erminntions 

J r.vunoN STKKi-s K Honda. 7’<5 A()*-m imp. T/m. 
Sri. Ht'pg , Nov 10*17, No ,.4, vf. ; Drlesni, 
Ftmim, Fob. s, 1014, ix l‘Z0; DittonlMTpor, Mrt- 
tnliotgfn, Fonchungsart)«ttf‘n auf dem (iebuie dfs 
Ingnunmirgens, \oixi 00; Dulong nml. Petit. 
Annales chu».-phy» , 1817, vil. 113; An»lrews, 

Voggetuiorfs Anml , ^860, cxxxv ill. 26, and }\nc. Roy. 


Sor , 1887-88, xliii. 2*00 . Svedelius, P/> 7 / Mag , 1808, 
xevl. ; Lo ( liatelior, Compteg liendus, 1803, oxxix. 

MANUANKst; S-VEELS — I’ .\Kdsnsbit,H, 'rdholti Imp. 
I nv\ Sn Rppg, Aimust 1010, No 2, viii 70. 

T^^0STI■:N STEKLS.— K. Honda ind T. Matsualiita, 
VokokM Imp. Fhm'. Sn. Reps , 1010, No, 2, viii 89 
(•BROMIII.H Steels— r. Mat.susluta, Tohoku Imp. 
Ihnr Sn Reps , Jnw 1020, No 3. ix 243. 

Nickel St»els — h E. Hulllanmo, Campteg Rtn£u4f, 
1807, cxxiv.vl70, Bureau of Standards Circular, 
April 1916, No. .W; C’harpy and (Jronot, BuUelui de la 
SitnA/ d\SurourngcmetU pour I'hidustnc nationale, 
P.K13, p 4(f . 

' “ Expansion at High Temporaturea,” Andrew, 
Kippon, Miller, and Wragg, Jour, Iron and Steel Inst., 
May 1920. 
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pansion up to 20 ix*r cent, when th*'ro iH a - hj- HailfiehP and Hopkiiisoji.* I'lie jH'nne- 
sharp rise reaching a maximum at 2.') ix'r cent, I ^bdity, particularly of laige foiyiiiys, is now a 
and then^ very low minimum at 3C y>er cent ! quitter of imiiu'diaPe iilrn'st, and no doubt 
nickel (invar) at normal tenijiciaturcs, F<*r cxjH'imicntal *\<rlv \fill Ir' fortbcomnij;. 
ranges of tem{H*rature between 4tK)° and t>(Mr | Some facts are, bouever, ^\(>ll cstal)IislM‘iT‘' 
C. and 000° and 900° C. tbo cbanircs in the jjFor insiunce, it is kno^n that .an mci insc 
dilatabibty are similar, but the maxmmm and tin the caib-.u content icsulls m a dcimitc 
minimum occur at slightly lower jierccntages/rediieUon in the permeability of ^tetl. It is 
of nickel, (’hromium causes first a slighy! Kiumn that elements siu h as nickel 

increa.se in the coefficient of exiiansion, be- | mciease tlu permc.ibihly. 


tween 0° and 100° C., reaching a maximum 
at 3 })er cent of chromium, after which thcie 
is a gradual fall until lO j)er cent is reached, 
a further addition of chromium causing no 
change in the dilatability. For a range of 
temiieraturo ladwa'cn 0° and niMF ('. the 
coefficient falls gradually with increase of 
chromium content. 

§ (7) Specific IIeat.s.— 1'he sjiecific heat of 
pur^ii'on has Ix'cn determiyed by ,1. A. Marker.* 
He gives -inr) hu' the v.due of this consbint 
ladweni 0° and 2(Kr (!., 1282 between 0' and 
ttMF -1597 between 0° and 800° (', and 
*1534 between 0’ and 1100,° F. Jattle work 
^has bei'ii d(fio to determine the inlluence of 
various elements on the specific heat of stisds. 
Ingersoll ^ measure^ the change m specific 
heat with varying pmeentages of nickel, W. | 
Hrow'n deternuiu'fi the influence of various 
elements in steels which had been water - 
riuenched from a bright red heat (about 
9(K)° t; ), He gives tlu' following summary 
of his results, the siiccific heats being measui'cd 
for a I’.inge of ternpeiatui'c between 0' and 
1(K)° C. Each 1 per cent of addrsl carbon 
inerr'ases the spi'cilic heat by 0089. Each 
I per cent of manganese increases the spenfic 
heat by (MKH). Ih'twcen 0 and t per cent, 

1 per cent of nickel increases tlu* specific h^at 
by -0038, between I per cent and 20 {)c% rent 
it has no effiet, whilst from 20 per cent to 
30 per cent of nickel, I jier cent d«*cM'uses 
the specific lujat by 4)050. The first I per 
cent (»f tungsten increases the sficcific heat by 
•0028, Further tungsten causes a griff^ial 
drop in the specific heat, so that at 3 5 per cent 
of tungsten it is the same as that for pure 
iron; a further increase of J2 per cent of 
tungsten decreases the specific heat hy -OOO.'k 
Ep 0) ^ j)er (!ent of silicon each 1 per cent ^ 
causes an inerea.se of -003 m tli^ specific heat. 
Over this amount silicon has no effect. 
Aluminium, chromium, copper, and cobalt 
have little effect on tlft specific h«at, es]:)ecially 
when largo amouigts of carbon are present. # I 

§ (8) Permeability.— I f one examines t(t*}i- T 
nical literature little expcnmental data aV j 
to found covering this physical* property j 
of steel beyond the notable contnbufion given 

• I 

• National Physical l^aboratorv. Coll^Ud Re~ i 
tearehM, xi. 207, and Proc. London Phyn. Soc. xix. | 

• Ainer. Pht/n. Rev., .\ug. 1020, p. 120. 

• Tram. Roy. Dub, Soc., 1905-9, Series 2, lx, 59, I 


Elsi'U^ere ** wih be found data eoneermiig 
the ^aet tli.i* .silicon has the mtei^stmg iiillu- 
enee of suh.stantially deercasing the hysteresis 
lo.sses. 

$ (9f M.xo.netk; PKorEUTii-s. A suivey of 
metallurgical Iitciaturc dis( loses vciy f< w 
rcalU useful icsc!U<hcs in this held. In 
first pl.icc, pcimanent magnets were |)io(Mf(M| 
fiom high cjirhon todl steels and it was found 
licit 111 the |uo])cil\ Wodciicd condition 
reasonable v.iluc.s (ould he obtained, such, 
for m.staiicc, a.s a eociaii'e foiie of 4.') with 
remancnce <»f 901 h>, A .substantial improve- 
ment on e.iibon steels was brought ahouywith 
tjie mtroduefion id timg.stiii slei Is, asIikIi 
usually have hetweeii 3 ami I) per cent of 
tungsten Jhoperly fii'ated timgslen steels 
will giv(' with a eo(^ll^v(' foil^' of 55-95, a 
ii'iiLinenee of 9-11, (MM). Some expenmentid 
work has been done both at lioinuatfd ahioad 
on chromium magnet stci Is, amr it has Ix'eti 
found that simil.ir icsulfs to the limgHleii 
st«cl.s may In' obiaim’d fromyliiomium hUx'Ih 
'I' liere are, howc\<‘r, no^ on tin* market 
several metre cornplKated steels whiih give 
s^ll highei value.s, as, ^or iristama*, a eo(«eive 
f<ii((‘ of 75 with a remaneme ol 10-12, (MM). 
IVlolyMeuum, cethalt, vaiindfum, and a mimher 
of elements ha\e been# expemiiente<l with, 
' hut tliere* is little' ejimntitat»’(' e‘vid*iee 
' a\ailahle fetr piesentation m tits woilt^ 

[ A suhstaiif lal eJevi-letjtinynt as regards magnet 
aliens has reee-ntly taken place as a result 
etf (•' |ierimcntal weirk hy Pietfcssor Honda, 
w hi< h led let the discetvciy efi Thu fact that 
rich cethalt alhtys mrght he j>rcpare>d with a 
ceteicivc fetree e»f 200-240 wrth a reMiiancnce 
eif alxiut the usual value for etrdinary magnet 
^teeks. 3'heie is little jtubhshed work deal- 
ing with these* alloys, but the writer htoks 

* Ifaelfledej and Uopkinsoii,* /a«t Rkct Knyrs., 

1911, xfv^ - 

* Harr.itt. llrow'n, llad(wff**f*rfi«tt Roy Duo. 

Soc, Pror luM Elect EiHym . 190*2; lleuiefa, 

TOhoknimp Pnv' Sn Repa , 1919, No 1 , IVIeitsiwhlta, 
76fioku Imp ('nv', Sn. Jirpg , 1019, Ne)*2 

* Oulindiefi, An'miien drr Pfo/htk, 1911, p 235, 

^ Uarralt, Flrown, and Hae! Hold, Trang. Roy. Duh. 
.W.,19(Mr. and Prer JnM AW Engre , 1902, T. 
Yei)>M-n, lllimn.P Cnii' Eng. Rep .Station, 1915, 
)4u!k*tfniB3; Yensen anel (iatward, lll^noig Pniv. Eng. 
Erp Statuin, 1917, FliiMe*tui % , Swinelcn, Imd. 
filert. Engrs , 1909, xHia, (uric, "Prop. mag. des 
acuTS trernpe^H,” RuU dela ,Sor d' Enctmrngemeni, 189K, 
ill.; WpIhs, /ntrl Askoc 'Pent 3la1erv/l'i, 1910; Honefa, 
‘ (1, JLarsf und Emm, Oet'. 27, 1909; Hrown, 
Ptoc Roy Dub .Soc. xif. 318 , (icncral DIscuhhIoii, 
Tram. Faraday Soc., Sept. 1912, Miii.* 

• 
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with interosj to » definite dovelo5)meht in t/iis 
field of metafiiirgy. - ^ 

§ (10) ThKUMAL (LNDfcTIYITY.— AlthoGglv 
thiH is a most importaiit pnqicrty, i)ai-tieularly 
irf connection wAh jnetallurgi^al ()j)erntion8, 
n(»t much .informafifon has heen ol)taine(| 
since the work of the earlier jihysK'iHts— \ 
Forbi's, Tail, Stewart, Angstrom, and dray—' 
until quite recent years. Most of the deter- 
minations by the above experimenters were 
on non-ferrous materials. l*rof. (’. 01. Lees, 
F.II.S.,^ add Mr, A. Johnstone, H.Sc.,* iiave 
also investigated se.eral problems in this 
connection. 

denerally sjieaking, for all metals an'4 alloys 
thermal conductivity varii's m the aame 
^.jjjrcction and runs iiarallel to eh'ctrical 
^fhwictivity. This is in acconlaruc with 
Wiedemann- hVan'/.’s law.^ According to J. J. 
Thomson’s clectromtheory the ratio of thermal 
to ek'ctricnl condintnity shouhl be constant 
^•(tm metal to metal, and proportional to 
absolute temperature, d'liere are, however, 
rathef wide variations from this law. 

The thermal e(mductivity of metals doe^s 
not vary much with ti-mpmatures above the 
normal. High carbon stt'cls are le.ss conduct- 
ive than lovv^carbeii steel.s, and alloy steels 
generally still h'ss, while the same sti'cls when 
hardeiuHr o^T(*r further obstruction to tho 
passage i»f heat. The influence of composition 
is not yet well known, and reference shmdd be 
made to the pa[^‘rs by Campbell and I)ow«d,^ 
Siniidu,® Honda artd Matsu.shita,’ and L. K. 
Ingersoll,® for more detail. 

§ fll) Fi.KI’TUK’AI. (A^NDimTIVlTY. — Of tlto 
various physical (inqicrties of dilTerent types 
and conditions of Meel, eleetiical condu(*tivity 
(or its reciprocal cdectrical resistivity) has 
]) 0 irfiap.s recvived most attention. 'I’liis is 
not so f,iuch ikie to tho utility of the results 
ill practice, but ratlq^.r to the help which such 
data a[)pear to give in studying and inter- 
preting tho changes that take place in steel 
when the com])oaition and heat treatment of 
the steel are each varied. The pnncijial (‘arlier 
workers in this fieltl were Mathiesseu* (about 
1800), Bams and Strouhal,^® Hopkinson,” 
l^e ChaU'lier,^* Barratt, Brown, and Hadtield,^’ 

^ Vhl Trai\t. Hoy. Soc , 1008, and /’roc. London 
Phytt. Soc., UU7 ‘ 

* Proc. London Phys. Soc ,1017. 

'** S<‘ii / *.11, ■■ kiornml Condiwtivity of 

Iron,” Phyf. Rev.. May 1000, 

* Poyg. Ann., 18.M1. 

» J.l. I , 1017, il. 251 

* Tfihoku Univ. Sri. Hrjm ,* HU'S, vi 3 

^ /bid., 1010, vlli. 1, %lll. 2, and vHi. 12, and 
1020, ix. :i. ' " 

* Amcr Phys, Hei'inr, Aug 1020. o 

* Mathlessen, /tn'tt5{A .4««»c. Reports 1862, 1863. 

llarus and Stronhal, liuUetin I'.S. iicologxcal 
Surccy, 188.5, ii. No. 14. 

" Hopkiuson, /‘Ad. Trans., 188.5, 1. 176. 

“ Lc Chateiicr, Compics Rciuius, 1898, oxxvl. 1709- 
1782. 

“ Barratt, Brown, and Hadttold, Jour. Inst. Elec. 
Engrs., 1902, x^fxl, 729. 


and Benedicks.^® A most useful simple formula 
laid down by Benedieks was as follows : 

11 " 7 0 + 20*8 microhms per cm. cube, 

where II is the specific resistance of the 
sample of steel in question and ^( ' is the result 
obtained by adding together the [lerccntages 
of other elements present in solution, each 
^'‘xpres.scd as “ carbon equivalents.” Iron 
carbide out of solution (as in annealed steels) 
WHS considered to have a negligible effect. 
Much data baa been accumulated since that 
time, and modified relationships have been 
worked out,^® but it can hardly be said that 
these give really satisfactory agreement with 
aetiiai measurement cxcefit over narrow 
ranges of composition. It may lie taken 
approximately, however, that pure iron has 
a sfiecilic resistance of 9 8, that 1 per cent 
carbon in solution ,mereaHes this to 44, ©and 
that each 1 per cent of the following elements 
adds t-o the resistance by thi' amount stated ; 
manganese f) 5, silicon llb5, aluminium 12-0, 
nickel 1-5. The effect of other elements is 
loss (hdinite, A ,'iseful resume of, this subject ^ 
will hi' found in the Journal of the Iron and 
Steel Institute, 1920, by L. Norhiiry, M.Sc., 
which also contain.s a short bibliography. 

IT. A (’ON.SIDKIIATION OP THE BINARY, 

Tku.’^aky, Quaternary, etc.. Alloys 

From previous remarks it will lie clear that 
tho expcnincntnl evidence docs not exist at 
present sufficiently to permit of a complete 
treatment of tins aspect of alloy steels. It 
was thought, thert'fore, that the matter might 
best 1)0 dealt with by summarising the 
inViucnee of the elements individually upon 
the v’on-earhon sy.stern, and this has been 
done in some detail. Onerally speaking, the 
influence of the fourth element, as in the 
creation of the several complicated quateniary 
systems, may be to some extent U8(‘fully 
prqflieted as result of pilot alloys. Tho 
quaternary system u])on w hieh the most work 
has been done is that of iron-carbon-nickel- 
chromiiim, but even there data at present 
available are insufticient for a proper con- 
bideration of the subject. It is proposed, 
therefore, to leave this aspect of the matter 
until the several steels actually in industrial 
use are discu.ssed. 

Many eleni«nt8 have btfcn addccF or suggested 
asi^useful additions to steel i^)r the purpose of 
incxlifying its proj^ertics m .some desired 
direction. The proof of their usefulness is 
indicated ^effectively by the extent to x^ich 
commercial use is made of their influence. 
In tluy following statements the elements are 

Benedicks, Recherchee phys (i phys.-chimiqws 
stir I’aeicr an carbone, Upsala, 1904. 

“ Simidu, Unit'. Tdhokv Sci. Reps., 1917, vl. No. 3. 
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arranged in the order of the groups to which 
they belong : 

§ (12) Hydrogen (Group 1, atomic weight 
101, meltmg-point -259® C.). — This element 
is presimt in all steels, but only in extremely 
small quantities. It does, however, occur in 
several manufacturing processes in connection 
with steel metallurgy, and is therefore worth 
carefully considering. 

Heyn * discusses the presence of hydrogen 
in steel, and mentions Sir William Roberts- 
Austen’s experiments with electro-deposited 
iron, and points out that this metal, having 
the hardness of fluorspar, evolved large 
quantities of hydrogen at 70° C. Further 
quantities were given off with higher temjiera- 
tures, and the evolution did not cease even 
at 1300° C. Heyn then proceeds to describe 
oxiicriments performed at Charlottenburg with 
diffeicnt iron and steel m which such materials 
were heated in atmospheres of hydrogt'ii. 
Very little hydrogen was taken up by the 
sam{)les. The brittleness and liaidness of 
electrolytic iron as deposited seems umpiestion- 
^ably to bo to the presence of hydrogen, 
ami this hydrogen ean bo sufficiently removetl 
by heating the 8am[|]^c to 1000° (^, after which 
it has lost its brittleness. It is elauned that 
the “ piekling ” pi^eess results m hy<lrogen 
being taken up by the metal in proximity 
to thj^ acid, l)ut exporinu'ntal evidenw' m 
support of that fact is not complete. 

The solubility in molten iron has been 
studied by Sicverts,^ along with tiic eomjiara- 
tive solubility of the gas in copper and nickel. 


a mi 
h fis 
/ti 
# I'i 


a ^onsidAubte t'lnnage of commercial steel, 
ft. wa.s long held to Iiave a de^/^mentai in- 
^uiwice upon the pnl^wu'^s, such, for iiistaiKJe, 
as making the ifeol " n/-shoit.” Much work 
of late veal’s, lun\over, has*l)t'eu done upi^li 
■^he influeiiec of (he elen^'iit, aiul^it has now 
^ leen <lelinit(>l\ establislied (hat tlie intluenee 
is not detrimcnUl. Indi'cd, the contrary is 
the ea«\ Industrially, ctipper as an added 
element to iteel is nf interest from two points 
of view. #111 Rie fi -.st ]»lace, it has been shown 
deliifttely hv Ainenean mv(‘stigat(#a that the 
addition of small quantities, i.c. in the 
nfighbourhood up to 0 2 per cent, markedly 
inerea.sis the re.«4istanee of low-earhon steels 
to eoirosKMi,* although if iiukIi higher ]>er- 
coMtag(\s ate pimuit the mlluenee ceases, and ...i 
indeed is suggested to he in the oppg^CTe^ 
direction. However, small perimtagi’s of 
Copper are adih'd for tl^s ])iii])ohc. When 
Considm’ing llw alloy steels }»induced for high 
tensile pui poses, where hardening and temper-^ 
ing IS a normal item in pro< ess, copper may 
he eoriHidi'red as a useful element since its 
lyfluenee is analogous (o that t)f nickel, .lust 
JUS niekel-ehroinium sti’cls arc jiroflueed, so 
ean eojuior-ehionmim steels Ijc produced. 
From ail industiial point of \i(%' copper d«»cs 
not sceiif to he a useful clement to add in 
contents over 3 or 4 per cent. • 

The iron-eof>per system has ^cen»studied 
to some cnnsidera]»le extent, notably by 
iSnIinu’ii,'* Ruer ami I'lck,® and Rner and 
Goeri’iis.' 13i(‘ work elnaily demonslrat/es 
that non in?i> h«»id m solid solution a 


On cooling down all throe metals give off the [ consider, ihh' jiereentafte of copper, "yioso 


gas somew'hat violently dunng freezing, ami 
it is stated that the relative amounts of 
hydrogen given off by the three metals wefe, 
in the experiments, iron 7 volumes, ^jiekcd 
12 volumes, copper 2 volume.s. The hydiogen 
taken uji by liquid sR’cl is, in jiractice, kept in 
solution in the steel by the silicon, iminganese, 
and sometimes by the addition of aluminium. 


inlercKted in the systmii sJiould refer to tlio 
woikff mentioned. • 

§(14) Sii.VKK (OnnipJ, Family R, atomic 
weight l(»93, UK King -point — 

Alloys of n<ai and silver jue 1(^4 of i%iluKtrial 
iiiteiest, hut the irou-sil^er system’ has l)e*n 
studied.'* 

§(r») Gold (Group 1, Family B, atomic 


The amount of hydrogen so present in^^cel j weight 11)7-2, melting-point l()ft3*C.).--G(jld is 
may be taken to Ije between the lynits of ' ' ' ’ ' ' ' i « > . 

0'002-0-36 of a cubic centimetre of hydrogen 
per gramme of metal. 

Charpy and Bonnerot® have shown that 
hydroge® will diffuse through iron and steel at 
tem]>eraturc8 above 350° G., the^diffnsion lieing 
greatly encouraged by an increase of temjiera- 
ture. They also suggest that, during such 
passages of \he hyd*)gea through the steel, 
sulphur, ■ phosphyus, and carbon may bygn 
hydrides and be removed. • • . 

§ (13) Copper (Group 1, Family B, atorttie 
weitj^t 63’6, melting-point 1083° — Co|j|pcr 
is found in some of the crude pig fTons and, 
thofofore, finds its way, to 8<^me exterj^, into 


* Stahl und Eiseti, xx. 837-844. 

* Zeiti. fiir phv8. Chtm. Ixxvit. f>91-013. 

* Comj7(Mi2endu»,cUv.592-594; 1913, civi. 394-390. 


of no imlustrial interest as an added clement 
in stoi’ls, but the iron -gold system has l)<‘cn 
studied.® {Solid solutions aie foiined of gf)ld in 
iron and inm m gold, 

S (10) Zinc ((irouji 2, Family B, atomic 
weight 05-4, meltlng-polnl^ 419-4° C.). — The 
relations of zinc to iron are of substantial 
interest as legaids the galvanising process, 
and, whilst zinc cun only lie alloyed with iron 

* I> M. PiK-k, Imcr Chrm. Sor . ; Jtmr. IruluMrial 
andMiiff Chrm , 1913, v. 447-4r/2 , Clevenger and Kay, 
Hull. Anur. Itn^ of Minini/ Enf/rn., 1913, pp. 2437- 
247.> ; Cushinnn. JiuU. Am. In’d. oft Mining Engrt., 
1913, pi). 2930-2939. 

• * Z.furanorg. ('hnn. h il, 1, 1908. 

• Eerrum, 1913, xl 3'f-.')l. 

Ihvl , .Ian. 1917, xiv. 49^0' 


* Zrit^ur anorg Vhem lili. 212. 

• ftaac 


291-297. . 


and Tammann, Zcil. fUr anorg. Chm. Iv,' 
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with tliot'rcato8t,ilifficulty. and iftthfcsmallfct reaults. When added to caat iron it would 
proportioris.V yet iron wiJl alloy with zinif, ai»pear that the hardness is increased, 
and it is claimed thtkt tht comjxmnds Felin 7 j § (18) Aluminium {Group 3, Family B, 
FoZng, and prohahly VcaZn/rF^'^Zn, and FeZn,,) atomic weight 27-1, melting-point 6&8-7^ C.). — 
nfay exist. It h of interest to nott* that Aluminium is a very useful element for adding 

galvanising , baths \^hich have remained for to steel. In the first place, small percentages 
some months at a tem]ieraturo just abov^ under ^02 per cent have a profound influence 
the melting-point of /me have been found\ in preventing blow-holes in steel which would 
to have crystals deposited in them which, |y»therwisc contain them. The explanation of 
on analysis, proved to contain 7-3 per cent iVhis is not at the present time clear, but it 


of iron.* The iron -zinc system i-\iM not, 
apparentlypbeen completely worked out. ‘ 

There is evidence that m galvanising, where 
the zinc comes in contact with the iron, some 
diflusion occurs. ( 

§ (17) Bokon ((frou[) 3, Family B, atomic 
weight 11, melting-point (!.). — 

urtvi^p was for .some time heki to be an element 
which might be particularly useful for alloying 
with steel, and i^'ViM'al investigators have 
contributcid to our knowkalge. Yen.si'n ^ 
^sumniaii.seii the inllucnce of the element as 
the result of his investigations; it would 
appear that boron acts very similarly t<» 
carbon. When piesisit m substantial piopoj-- 
tions, i.e. in similar profiorlions to carbon m 
steel, the effect is to liardmi up the alloy with 
the producti(j#i of a higliiT tensile stnmgth. 
The speeilii! electrical n'.si.stance is Vicreaseil 
by •ti2 microhm per 01 per (cnt of boion 
liombiinKl w^f.h the iron. Yensen stales that 
small additions of boron have a slightly 
benolicial olb'ot upon the magnetic properties, 
probably owung \o»,its action in reducing the 
oxide of iron which othiTwiso i/iay be present 
in s^me instances, but this benelicial eflrwt 
ceases after the smallest additions have been 
made, * » 

The iron • boton ^nd iron - boron - carbon 
sy^nns hav^ been studied by sevtral investi- 
gators.^!, It wyuld appear that m the iron- 
biron syslem the coinpound Fe^Bj is formed, 
and a similar sysk'in to the iron-carbide 
system results in which tlie Fe^B^ reacts in 
u similar iniffmVr to the Fe.,G. In this way 
the micro-constituents consist of a borido 
poarlito which, when quenched above the criti- 
cal point, produces the boride s«)lid solution. 

Boron does not seem to be of much interest 
from the industrial point of view as an elemenl 
for alloying with •iron and steel. Practnad 
^poriiuents havo^been conducted ® a|^ Bitter- 
mid without *Sin^ })artf(Hilarly eiicmiraging 

‘ S. Woloijjllne, Itcvur dc M^lnUnrgif, ill. 639-540. 

• B. Vlffouroux, F. DiicoRle/,. ami A. Bourbon, 

Bull. Soc. Chm. (U Fruiue, 1012, No. 10, pp. 11-12 ; 
Vhnn. Net(>s. July 19, Ip 12, cvl 36 * 

• Univ. of JUuum Bull , Manh 2i 1916, Bull No 
77. No. 29, xll. . 

• Tschlsebew'sky and Hi'rdt, Iterur tie hi SociA/ 

russe mAallurginuei 1916, 1. 633-640; llannesoni 
Zfits.f. tiHorg. Chem . Nov .7, 191 1, Iwxlx. 257-278; 
Iwaland BalUnli, and SnnUtfic rmn, Auinist 

7, 1009. 

• Klectro-Uhemical Works, Bitterfeld, i^iht ufid 
Euen, 1914, xxxlv. 1530-1531. 

r < ' 


would apfiear that the occluded gases which 
would otherwise come off during the freezing 
of the steel are retained in solution owing to 
the pre.sence of the aluminium. In view of a 
recent theory on the cause of l)low-hole.s, it 
may be that the addition of tlie aluminium 
had this action by dc.stroying any oxide of 
iron which might otherwise he resjionsible 
for the evolution of carbon monoxide. The 
earlu'r statement, l^owever, is, in the w'rjji.er’s 
opinion, most probably correct. This small 
addition of /duminiiim for the purpose of 

! pnalueing solid steel is also known to have a 
definite mfliK'nce m reducing the tendency to 
segi'^gation.® It^^ is, however, nccimary 
record that the addition of small percentages 
of alummiiim as aliovc are apt to result m 
the oxide of aluminium,' AhO„ remaining in 
the steel, and, tlierefon*,* it is advi.sable to 
produce sound steel by the control of the 
furnace Hvactions rathei* than by the addition 
of aliiminiiim. 

The iroii-aluminium Hystem and the influence 
of aluminium on stool have lieen well studied.’ 
Aluminium, when added to the iron-carbide 
senes, rciluces the solubility of carbide in non 
and, generally sjieaking, acts in an analogous 
manner to silicon. Tlic addition of the alu- 
ndnium up to (i per cent increases the hard- 
luvss ^ind .strength of the material substantially 
a.s regaids alloys with ])ure iron or low -carbon 
steel. It ha.s a very bene/ioial effect un the 
magnetic properties when added in small 
quantities, Yensen Hndmg that with -40 per 
eeiit‘ of aluminium the alloy annealed at 
11(MFC\ luui a maximum nermeability above 
3r),lM)0, The hysteresis loss for B max. — 
10,000 and is 4.50 and 1000 ergs per 

om. ])er cycle resjieetiveiy. P’or the higher 
aluminium contents the magnetic© quality 
decreases. It is suggested that the hysteresis 
loss with the "best aluminium alloys is much 
less than in the ca.se of 3 5 pi‘r cent high 
permeability ^ornmercialbsilicon steel, which is 
di^pussed elsew^here. The specific electrical 

I rosiptanco increases about l2 microhms for 
cflR'h |>er cent of aluminium added until the 
anJ^Junt e;xceed.s 3 jier cent, when the^rate 

* Bimjuniln Talbot, hm and Steel Inst. Jour., 1905, 
No. 2, r- 218 : Mining Engrs., .\prll 24, 1914, 

xxxUl. 38) -392. 

' ' R. A. HadtlcUl, Iron and Steel Inst. Jour., 1890, 

11. 101 ; Yeast'n ana Oatward, Untv. of lUinoi* Bull.. 

' Jan. 1917. No. 95 (54 pp.). 
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of increase falls off gradually. It A\ill ho seen 
from these remarks that the addition («f 
aluminium in considerable amounts may serve 
a useful i*irjx) 80 , but it has to lx* home m 
mind that there are diflieulties — excessive 
shrinkage, etc. — which must bo dealt with 
suitably liefore such steels can he satisfactorily 
employed. To date, little use a[)pears fit have 
been made industrially of aluminium as an 
alloying element in steel. § 

§ (19) Zirconium (CJroup 4, Kannly A, 
atomic weight 90 0, melting-point 17(MI - 

Much has been written relative to the mllucnce 
of zirconium on steel, hut almost invariably the 
data are of a non-quantitative tyiic. It may 
bo considered that there are no jmhlislied 
investigations which enable us to form a 
dclinite estimate of the intlucnce of this 
element. 

§ (20) Titanium ((Iroiip 4, l-'amily A, atomic 
weigrlt 48 1, mdting-jjoinf IIMKI' (').Many 
claims ha\e been made for the inliuencc ot 
this eleimait upon steel and non, but its 
actual influence i^in be stated .us f.illou.s. 
The element titamuin has a*gr«‘at alliniiy foi 
^x)gen, and therefore, when addeil to molten 
sti'cl, acts as a ih'oMdiscr, and is to some 
e.xUmt used for this^mrposc. ri'gaids the 
mechanical pioperti^s of steel it is established 
that titanium has little advantage(»us mflu- 
cnee, whilst as regards geneial piopcrties it 
is claimed that the .uklition of the clement 
causes a decrease of hysteresis and an incivasi' 
of jiermeability if the addition is up to 1 per 
cent, after which iieiccntage the reveise 
influence sets in, (Juillet‘ iiiaih* a study f»f 
titanium steels containing tit.uiium up to 10 
percent,® and came to the conclusion that th(‘ 
element has no afipreciable influenre on t^ie 
mechanical jiroiicrties, and that the whoh* 
range of the steels are peailitic. VJ^geP 
came to a slightly difTc'rent conclusion fnmi 
Guillet, The electrical properties have been 
studied by Htmter and IJacon.** There is 
much literature concerning the influeiur of 
this element which may he disregarded. * 

§ (21) Carbon (Group 4, Family 11,* atomic 
weight 12 0, melting-point G.).-- This 

element is the essential element in steid. 
Without^ carbon, iron loses that distinct- 
ive property of effectively hardening when 
quenched from high teinperatflrea. The in- 
fluence of carbon is, however, dealt with else- 
where.® • ^ 

§ (22) Silicon (Grmip 4, Family B, atormc 
weight 28-4, meKSng-point 1420° C.).— SiUjjjon 
is one of the few valuable elements used f#r 
alloying with steel. Its influences aje w‘,vei^l. 
Perhflps the most important feati*ro is its 

* L. Oulllrt, //r pp 3r.O-.307. 

* Jour. Iron and Steel 1906, ‘No. 2, puin, 

» Ferrurn, 1917, xiv. 177-197. ^ 

* Amer. Electroehem. Sor., April 8. 1920. 

* See § (1); also article “ Iron-carbon Alloys." 
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I influence* in producing soiim^ i.e. ateel 
^hieh is free from blow -holes. Ijiiliron addixl 
I ^or|this purpom' ifas A similar action to 
' alummium, hi4 411 U|s degree, since the 
I element combines with any oxygon in tito 
j ijteel, forming Si(L. which, given Jomi>emture 
I And lime, ns<>s to tiu' surTaee of the steel. In 
I the acid ojH-ndicarth process, during the last 
I stages of the refining operation, silicon is 
j reduced fn m tlu slag and returns into the 
! metal, ffpis dcoXiilising it and producing a 
stci'U winch will pour s«)liil. Sili#on is also 
•■uldisl in percentages round about I per cent, 
sometimes upwards tif that figure, in different 
, alloy steels winch an' to he hardened and 
; tcm|M'fcd, thc'K' hmig c\i(icncp to show that 
1 the toughness of Hit' iiiatciial in the liiinl 
i stage.^ tlicrchy iinpiu\cs. One imi)oj;l«iit 
j featuie of the use of a high siliciui is in Ingli- 
i pcrmealulilv steil, which 14 a vt'ry low caihon 
I stt'i'l to whnh has hci'ii added 9 to 4 per cent 
of silicon. Siludii suh.slaiitially n'duccs the 
h\steM'.si.s ht.ss It is also of iiitcri'st to nol^ 
that alhtys (d iron and silicon containing 15 
per cent of siliion are acid - icsisting.* As 
I if'gards the phy.sical chemistry and metallurgy 
I of the iion-silicon ami non -silicon -carbon 
I alloys, much work has been (low which might 
usefully fle studu'd by those interested.® 

(2.’1) 'I'lN ((boiip 4, Family lki iilomii! 
wi'ight lift, melting-point (;).- The 

iis(' of tin in tlu' steel industry is m the manu- 
fa^tuK' of tin j»lat('s, a ni(>st llltclc^ll^g jirocess 
conducted hugely in Soiijli* \\ ales Appar- 
ently slight dHTusioii takes jilaci' Intwecn the 
st^'cl and the tin at thwsuifacc of contact. 

Th(^ iron-tin sy.slcm luq^lxcn studied by 
Isaac*aiid 'rammami.’ L 4luillct “ jiroduced 
two scru's of steels, oiK' ct^ntaiiimg (‘aihon 0 1 
0 20 p('r (j^'iit with tin 1 79 9^18 ;»er (^'iii, 
tlu* othci scries with a carbon (^•ntent^d 0 tiff 
0 70 pel ( (‘lit with tin ranging from 2*05to9 i5 
jKsr cent None id the" alloys cxccjit one 
cont,\uinig 0 7() per cent carbon and 2 05 |M*r 
c('nt of tin wt'ic ca|mhlc (d being forged. 
He came to the conclusion that the influence 
id fill was similar to that id titanium and 
.silicon. However, tin as an clhment for 
alloynig with steels is not of much interest 
ft-urn the iiidustiinl jiomt of view, its only 
• 

* tiiJirpv anil ('urmi-Then.'ird, .7. Iron and Steel 
/«j»/ , 191#. No l.p 27r.-({uortJ|^»)jy'««iinanu,^('i4i, 
furnnorg Cliern .\lvii. ln:J: P.TakJl^ti, Melallurgxe, 
IX 217-23(1, K Vitfounnix, Vompten Jtendut, May 

19i:i, chi. 1374-1370; ('harpy ami t'qrnu, C’omptf# 
ItenduM, April 21, 1913, •l\l 1240-1243: Tlifnillch ami 
(Joerens, Faradau ^ncirtn, October 1912 ; 8. Ouggen* 
Elektrut VeremJiull , 1910. No. 3, 1, 88* 
114; JOirKcss iuid AsOm, sYetaliurgiral and Vhem. 
Eng,, March 1910. \iii. 131-133 , Oontermann, •/. /r(w 
and Steel Itud , 1911, No. 2 ; rortovin, J. Iron and 
^teel Inid., 1909, No. 1, (’ariicuie Sfhol. Memoirs; 
(inillrt,,/. /row and Steerlnfd , 1906, No. 2 ; T Baker, 
./. Iron and Steel I nut., 19(ia, No. 2; Sir Robt, A, 
Haflftcld. .7. Irm and Steel 7mrt., 188“, No 2. 

* Jhilf. fur awfra lill. 281-290 

* Revue de MAuUurgie, 1004, pp. 600-506. 
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interest lyin^ in, the metal as a toatfiig in tfne 
raanufarturof<)f tin Hheets rnenti<)ne<l above. ^ 
§(24) Va^^adium t(<irfitip 5, Family(A^ 
atomic weij?[it 51-2, nleltin^pAnt 173(r C.). — 
l^ero is much liCliraturo relative to the inHu- 
enco of vaividium, l|ut its usefulness may bo 
placed under two hesadings. Like several 
other elements its great aflinity for r»xygen' 
renders it useful as a deoxidiser, and in some 
works small percentages are added for this 
purpose. Its great use in steel mutallurgy, 
however, jf.ises from the fact that it is •con- 
sidered to increase th-o resistance of steels to 
fatigue. It is also a constituent of high- 
speofl tool steels, since its addition is claimed 
to result in the production of high-speed tools 
i^^pable of doing heavier work. Tortevin’s 
re^rches ^ indicated that the adilition fif 
vanadium was resjionsible for raising the 
temperature of ^ic carbon change;- p(*int. 
The iron-vanadium system has been thoroughly 
studied by Vogel and Taniniann.'^ The ter-» 
nary system iron-vanadiiim-carbon has not 
had ^mich attention, but a number of alloys 
wore studied by Arnold an«l Hoad,’’ as a result 
of which investigations evidence was forth- 
coming that the vanadium formed a car- 
bide, V|(V The writer’s owm investigations 
have also pointed to the fact that fanadium 
enters Urgely into the carbide constituent. 
A numbi'r \i researches d(*serve the atten- 
tion of any one particularly interested in the 
influence of this element, notably those ^of 
Arnold,* Sankey and Kent Smith,'* (Juillot,'* 
and McWilliarn and Barnes.’ '' 

§ Tantalum (ClrLup 5, Family A, atonpc 
w'eight IHl, meltkig-point 28r»0'* Theie 

is only scanty evRlence as to the influc«.ice of 
tantalum when alloyed with iron and steel. 
Soiyo work ,has been done by tViillet ^ and 
Hreuil.*! Guillft adiled jiereontages of tan- 
tUlum varying from^ to 1*05 per eent to 
steels containing carbon (M2 O lH per cent. 
The presence of the element apfiears to raise 
the 8trength*of'*the material and at the same 
time t(^ reduce the <luctility. As to the effect of 
tantalum upon the general physical proj)erties. 
evidence does not appear to Im available. 

§ (2fl) Nitrogkn (Group 5, Family B, atomic 
weight 14-01, melting-point -210® G.). — It 
has frequently betn suggested that nitrogen 
^Jios a delet erious influence upon iyms and 
steels in the "H\I^(KiitioH [iresent in such com- 
mercial jiroducts. Nitrogen is present in 
steel invartably, but onl^’ in small quantities 
ranging from -002 to -015 {>er cent. There 

• ('arnojde Memoirs, Iron and Steel Intt. 1. 

• Zettn, f.^onorg. Chem., May 6, 1908. 

» J, Iron and Steel I nut., 1912, No. 1. 

• /ftiVi., 1915. No. 1. 

• Proe, iHfft. Meeh. Engre , 1904. 

• Heeue de A/rt. Iw 775-783. 

» J. Iron firul Steel InM.. 1911, 1. 

• Comptee Rendus, cxiv. 327. ' 

• CUn\e xiv. 7 and 26. 


is no evidence extant to show that the varia- 
tion in nitrogen within these limits has any 
influence upon steels, and the influence of the 
element may, therefore, be disregait^ed. Any 
one particularly interested in the influence 
of this element will find a relatively large 
literature dealing with it.'® 

It Sliould always be remembered that 
Bessemer steel is manufactured by blowing 
Utmospheric air through molten iron, and, 
theref(jre, ther.? is every opportunity for 
nitrogen to be taken up by the metal. In 
practice it is found that Bessemer steels, con- 
tain more nitrogen than any other class of 
steel, but within the limits mentioned above, 
and w'e have delinitc evidence that such steels 
are not noticeably affected by such content. 

§ (27) PiiosenoRiTS (Grouj) 5, Family B, 
atomic weight 31 0, melting-point 44® G.). — 
This element is present as an impurity in all 
iron.H and steels, it is generally present in 
percentages varying from 0-01 to 0-00 per cent. 
If a much higher pho.s])horu8 content is intro 
duced the influence of thq phosphonis is to 
hai'len up the ' steel, increase the tensile 
strength, and ?educe the duA.ility. It is'* 
claimed that the electrical resistance increases 
in proportion as the jAiosphonis increases. 
Steel manufacturers have, always looked upon 
j)hos])horu.s as being an element of which they 
prefer to have as little as commercial consider- 
ations will permit in the best steels, and the 
writer knows of no data which would support 
a contrary view. There is a large literature 
(»n the subject to which reference can bo 
made." 

§ (28) Arsknic (Group 5, Family B, atomic 
weight 75 0, melting-point 850® (’.). — Arsenic 
aWoys with iron, and is usually found in very 
small quantities in most irons and steels. At 
one iime it w as thought to have a deleterious 
influence on the material, but investigations 
have shown that very small percentages have 
little influence. K. Friedrieh " has studied 
a se/ies of alloys and sketelied, in a prelimi- 
nalfy manner, the iron-arsenic system. The 
compounds Fe^As, FcjAs^, and FeAs are 

*' (Jnibe, Hetw de Mitallurgie, v. 353-354 ; Wu»t 
and SudhofT, Metallurg^e, vii. 257-261 ; llrauno, 
Jernkontorets Annalen, lix. 656-762; Poured, Revue 
univerxeUe dee Alinee, xv. pp. 229-236 ; lit\romeycr. 
Jour. Iron and Steel Inst., 19(19, Ixxlx. 404-420; 
Andrew, Jour. It on and Steel Inst . Septemlicr 1912 ; 
Metallurgical and Chertnenl Engineering, 1913, xl. 
121-122 ; TsohLsdiew-ski, Jour. Iron and Steel Inti., 
Autumn 1915 ; Wheelrr, vlinrr. Inti. .Mining Engrt., 
April 1920, NoC 160, Section''^ ; (^omstock and Ruder, 
CJ^. and Met. Eng., 1920, xxli. 399-405. 

" Arnold. JoMr./fo» find NtrWBiat., 1894,1.; Stead, 
Jmir. Iron ntui Steel Inst., 1900, li. ; Saklatwalla, 
Jmr. Iron and Steel Intt , 1908, 11. ; D’Amico, Ferrum, 
19jL3, X. 2^9-304 ; Stead, Jour. Society Chem. /n- 
duttry, Fe|>. 28, 1914 ; W. H. Hatfleid, JourC Iron 
and Steel intt., 1915, No. 2: D’Amico, Metallurgia 
iialianct-, 1917, lx.’T 12-1.52 ; Stead, Jour. Iron nnd 
Steel In^., 1918, 1. 389 ; ,1. S. Vnaer, Amer. Iron and 
Steel hm., 1918, 17‘2-193; Gercke, Metallurgie, v. 
004-609. 

*• Metallurgie, iv. 129-137. 
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suggested with FcjAs as a constituent of an 
eutectic with a freezing-i><)int of about 830" tV 
Further i^ork has lxM>n pubU8he<l by Burgess 
and Aston;* those workers state that iron 
readily takes up 4 per cent of arsenic, and that 
such material can be forged. 

J. Liedgens* has studied the inft|^ence of 
arsenic from the steel production point of 
view. He oast a numlicr of ingots containiiw 
from 0-123 to 3-515 per cent of arsenic, aim 
claims to show that the increase of arsenic 
increases the specific gravity ami the s|>i*c-iiic 
resistance of the metal. Permeability, hys- 
teresis loas, and coercive force art? generally 
favourably influenced. The viiiter agroei 
with the last worker that arsenic is not to be 
regarded as a dangerous constituent in steel 
when presiMit in small quantities, hut, on the 
other hand, its ]u-esenco does not materially 
inefease any useful property. 

§ (20) Antimony ((lrou]i5, Kindly B, atomic 
weight 120-2, melting-jioint 030'' — Anti- 

mony readily alloys with iron and forms 
the irim-antimoi^y systen^ whioh has been 
studied by* A. M. Port(*vun'* Kurnakow and 
Konstantikow,* and (loercns and Elhngen.^ 
Thermo- and niet§llographic work has l>een 
done on the different alloys, but little data 
have apparently btjen obtained relative to the 
influence of antimony upon the useful pio- j 
pel-ties of steels. The. influence <if the, element | 
U])oii the carbon change-point would appear j 
to be that of laising it some 00-70'', with j 
antimony jiresent in quantities ranging from 
1 to 0 per cent. 

§ (30) Bisvti I'll (Group 5, Family B, atomic 
weight 208, melting-point 271'' (’.).— Idttle 
work has been done in connection with the 
influence of this elcmi'ut iqion steel. It f^ms 
a soricji of alloys which have licen pi^rtially 
studied by Burgess and Aston.® It has not 
been useil commercially as a constituent of 
steels withii* the writer’s exjienence. The 
investigators to whom reference hu.s just lieen 
made suggest that a 2 per cent bismuth ^vlloy 
gives a high magnetic density value.. 

§ (31) (Chromium (Group 0, Family A, 
atomic weight 521, melting-point 1510° C.).— 
(’hromiuin is perhaps the most valuable element ^ 
of alf for alloying with steel, since after 
carbon, which is an casential constituent, there 
is no clement whose action is so great in 
modifying^ the mechanical and physical pro- 
perties of the resuflant material. Chromium 
increases the thardness of stnictural i^eels 

in the normalised condition. It nSiders 

• 

* American Electrochemical Society’s Transactions, 

3fi9-38rt. • • 

* Stahl und Eisen, 1012, xxxil 2109-*115. 

* Rente de M^tallurgie, Aliiitoires, \iH. 312-314 ’ 

Carnegie Memoirs, i. 383. » • 

« Zeiisjurnnorg. Chem., 1908, Ivill. l-#2. 

* Metallurgie, vii. 72-79 • 

* American Electrochemical Society’s Transactions, 
XV. 309-380. 

• 


'^poatiible*tho4ianlening of thy-ker section than 
j iKissiblo M ith carbon stwl, i)wi 4 ig to its effect 
|*uj4»n the solubilitj^ of^arbitie in iron, thus 
I enabling hanlnied anif U-miH'rt'd steel to bo 
1 produceil of considerable ftteknesses. • 
Chromium, villhn ad%d to irqn and sit'd, 
also inereiiSM's its resistance to ei>rroding 
meiiiH, die m-her alloys being ri'sistant to 
vari( iM Jvcids lu cording to the actual eoinptisi- 
tion. T’he well-Vtu>\\n stainless bUn*! is an 
alloy uf«12 14 j.cr cent of chromium, t’hro- 
miihn incmises the value of steel m iH'rmancnt 
j magnet.s and, incidentally, decreases the mag- 
netic permeahihty. 

j Tlu%elTect »»f chromium is detiuito as rt'- 
gards the p(».silii»n of the carbon change-point, 

: .since it definitely raisi-s the tem])eralure at 
which the solid solution bri nks down. Spp<irtl 
siderahle i.s its effect that steels with the Tiigher 
content of chromium iij^ve to Ihi quenched 
I at as much as KKK and 200° (’. above 
I the tcnqier.ituic for ordinary eaihon steels. 

! An interesting feature from this point of viifw 
I is that the magnetic change remains constant 
[ jin position, and, if a specimen of chrTuniuin 
I steel IS heated, is fn-quently obsiTved to take 
I plai-e below the carbon change-jioint. Steels 
I with much ihioniium presen^^are air-hanlcii- 
ing steft.s, I e. oidinury lates of cooling in air 
ai(! Huflicient to cause a fiartial suiipression of 
the resolution of the 8<»lid solfilioij into its 
prodmts. It has been deliiufcly cstahliHhed 
^lat when chromium is aihh-d to steel a con- 
siderable jiroj'ortion of ^ifr chromium is to 
be found aSsociatcd with the carbide os a 
rarbidc of chionuuiA. 'I’lius the curhide in 
such steels, in.stead of lifwig carbide of iron, 
is rfally wh.it may be dAicribed as a double 
carbide of iron and ijiromium. 'J'he elfei^t 
of the j)r«a<*nce of chromium is^to iicrci)|c the 
solubility of eaihon in iron. ^Chrongum steelH 
have been studied b^ many iitvestiga^irs. 
The iron-chroftiium system has been studied 
b\ danccke,’ and an eijuilibnum diagram 
sketGied. This woik is a^ipflrently an ad- 
vance upon an earlier altemi»t.® The iron- 
carbon-chromiuni system has liccn studied 
by many investigators,* and much work has 

’ Zrits fur Klektrochemie, Feb. 1, 1917, jip 49-55. 

• Treit .(hkennd TaminRtin, Zcits.fur anorganische 

f'AewiV, 1907, Iv. 402-411 • 

• Osriiomb ./oar Iron and Steel Inst , 1890, 1. : R A, 

Hadflitld, .lour. Ironijuid Stej^lj" W'd , 11 . ; liul^t. 
Rerue de M^lallurgie, ^904, I, ; (IfeMn, 

Jour. Iron and Steel Inst., C'jirncgie Scholarship 
Memoirs, 1909; McWilllani and Ramos, ./our Iron 
and Steel Inst , 1910,* ; Arnold and lleJfd, Jour. Iron 
and Steel /wst.,"9n, I ; Porlevin, Comptes Rendus, 
Jfly 3. 1911, elHl fi4-«6 -*M. R. Moir, Phil. Mag.. 
November ipl4, xxvlii. 73H-748 ; Diipiiv and 
Porte vln. Jour. Iron awl Steel ]^ud., 1915, f. 306 ; 
Eilwards and KIkkawa, Jour. Iron and Steel Inst,, 
191.5, No,2. pp,6-.30; T Miirahaml. 24th Report of the 
Alloys Research last,, Sn Report Tohoku Imp. (hiiv., 
1918. vll. 217-276 ; Porttvln. Retw de MRallurgie, 
MMajire-ii, vlll. 802-803 ; F. Jfdrkd, Canada Dept, of 
Mines, Ottawa; Gocreiw and Stodeler, Metallurgie, 
Iv. 18-^4. 
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534 


STEELS. SPECIAL 


l>een done (jjj^ th^ I)hy8ical prf»p(A*tic8* of hucii^ 
alloyH and 8t(«'ls. , 

§(32) Tunostkn klroii]) 0, Family ^A, < 
atomic weight IHI, tV'ltin^polnt 3()0()'^ V.). j 
—Tungsten is a' valuable element in the j 
metallurgy wf speciitl stc^els. Its essential f 
uses are in the jjrodueiion of high-speed ' 
steel, where tlie eomltined influence of j 
tungsten and ehroniium irnlucos the pro- 
])ertie8 well known in high-speed t(>ols, and 
which will be discussed elsewhere, •and in 
magnet stet^, which are also treated in detail 
els(iwhere. 

(kimjiaratively little experimental work 
has been done. 'Phe iron-tungsten System 
has been ])artially investigated by llarkoit,' 
^jho came to the conelusinn that a tungstide 
Fe,W, IS an essential constituent of 
the alloys contaming over 20 per cent (d tung- 
sten. 'Pile tungstei^^earbon series has been 
studied by KufT and VVunsch.'-* As regards the 
iron-earbon-tungsten systini thiav is a f.ur 
amount of e.xperimental w'oik, beginning with 
»Sir l^diert Hadfield's research.’ 3'his was 
followed by an iuteiesting research b> tluillet.V 
The addition of tungsten incn'ases the strength 
of steels, hut, as biought out by Dr. 3’ Swinden 
in his extrenffly valuable researc^i,^ th(‘ 
essential value of tungsten lies in its propeity 
of modifyftig the position of the phase change 
temjieratfires. It is an interesting fact 
that tungstiui steel, if heati'd to teinpiMatuios 
of HriO’-OOt)' (\, |ias a carbon ehange-i>oirA j 
at a similar tempemture to th^it in carbon j 
steels, whiTeas if such steels are heated to a 
substiyitially higher tem‘|)eratiiie the eliange^ ! 
point is coiisiderROtly depr(>s.sed. In this j 
original discovery* of Swinden’s lay* the 
ultimate explanation ef the propeities of the j 
high «<ungsteiui high -speed steels, \f'hich a\i1I ; 
bo dealt4 with emder sepnratt* heading. A 
fui^her paper by S^Mtiden “ is well worth 
studying. An attempt to 'determine the 
distribution of the tungsten amongst the 
constituents of steel was niaile by Arnold 
and Jleaih’ This work, ho\\ever, was incon- 
clusive. lleferemv might also l>e maile to 
other inve.stigatimi.s.'* 

§ (33) MoLvuoKNiiiM (tJroup (>, Fanuly A, 
atomic weight Ut>, melting-point 2r)(H>‘' ('.).— | 
This element is silftilar to turig.sten in its I 
i^i^^ucnce uyoij^^jjJljjel, U ^ is valuable as a | 

' iv. ‘J 1 (1-224, gg.VUtl 

* ZfilR. (’Iii'ni , 19J4, Ixxxv. 

* Jour. Iron and swd Initt tWtfil 14-70 

* Hemr de Mi^tullurgir. IDOI. i>n. 2(>:i-2M:i. 

' Jour. Iron and Strel insf , 11)07, i, 2m-:i24 

* Ibid., IIH)0, II 22;l-2:)2 r 

’ Inst, of MerhrHnors , March 1914 

* Oulllct, Kertip dr MtftiiUurgie, lOOri, pp 3r>0-3f)7 . 
Portevin, Jour. Iron* and St\*’l Inst, 1»)09. No. 1 
Ole.s('n, Jewr. Iron and Strrl Inst . Carnegie Scholar- 
ship Memoirs, 1909, i. ; lupiiy and Portevin. Jtntr. 
Iron and Strr! Inst.. 19 1.^, I ;V20-321 . Momfn ^nd 
Murakami, Tdhohi Imp. (bur. Scmicr Reports, April 
1918, \i. 235-283.^ , 


constituent of tool steels, particularly high- 
speed tool steels, and magnet steels. 

The iron-molybdenum system J>as been 
studied by Lautsch and Tammami,* and 
a diagram roughly drawn. Much further 
work, however, requires to be done in this 
field. , 

3’he iron-earbon-molybdenum steels have 
ly3cn studied by several investigators, to whoso 
woik reference may bo madc.^" 

§ (34) Uranium (Group C, Family A, atomic 
weight 23 S-. 0 , melting-point (? — not known)). — 
j There is as yet no jaiblished evidence as to the 
j utility of this clement as a useful addition to 
! steel. Jt has been claimed that it is useful 
in tool steels. A statement on the preparation 
of ferro-uranium has been is.sued.” 

§ (3.1) OxvoKN (Grou{) G, Family B, atomic 
weight Ki-fK), melting-point -218*^ (’.). — In 
diMeu.«sing the jne.si'i^je of o-xygen in 8teel*-x\e 
must consider that portion which is un- 
I combined with eaibon, ^.e. is jue.sent in 
I .solution as carbon monoxide, and must ignore 
that which is m e\;mbmatioh in the so-called 
hlag inclusions a, si oxides of marx^anesc and y 
silicon, iron, etc. 3'he writer eonsideis that 
the balance o^ oxygen reivaining in properly 
made steel after such dedu(-tions is nd, and 
holds that theicare no substantial data existing 
b) controvert that point of view. If steel 
is over - oxidised dunng manufacture and is 
not properly “ kilh'd " by the use of suitable 
deoxidisi't's, it seems feasilile that ferrous 
oxide will be present in solution in the molten 
steel. The system FcD-Fc has not appaicntly 
been investigat(*d. Any one interested will 
lind a l.irgo litmature di'.ding with this 
element The total oxygen content, whatever 
imyf be the form in which it is ])rcsent, ls not 
considered to exceed 0 01 per cent in com- 
nienaal products. 

§ (.36) Hulimiur (Group 0, Family B, atomic 
weight 32-0<i, m(‘lting-])oiiit 1()0^'"-119'2“ C.). 

— This element is jjresent in irons and steels 

• yJcif.v / anorg Vhnn , October 12, 1907, Iv. (4) 
380-401 • 

(biillet, Ufruc de M^taUurgu', 1905, p. 350; 
Carjionter, Jour Iron and SUrl In.d , 1905, i. 433 ; T. 
Swuuk'n, Jour Iron and Steel Inst. rariiORio Srhol, 
Menis , 1913, v. 100-108; Newton Friend and 
Marshall, Jour Iron and Steel htst . Maje 1914 ; 
Diipiiv and Porte\in. “ Tiienno-Kleetrie Props, of 
Speeiiii Steels,” Jour Iron and Steel Inst , 1915, No. 1, 
p, 300 ; Arnold and Reinl, Inst Merit Engrs , Dei'eni- 
ber 191.5; Altehlson. Vhem. Soe. Trann . Nov. 1915, 
evil. 1.531-1.5.38; Sir Kobt lladfleld, ,/wrf. Mech. 
/i’nar.v . 1915, pfM 701-713 

"JF S Ibireaii of Mines, 1917. Tech Paper, 177, 

If (Jlllett and K I. Mark 
' » ^Aremski, Stahl und Kxsen, 1884, p. 5.36 ; rubillo, 
Jouf Iron and Steel Inst., 1903, I ; Belloc, Recue de 
.Metalliirgie, 1908, p 409 ; (Joiitiil, Cotnptes Rendus, 
1909fo\lviii.; MeMiller, 4M and C hem Eng.,]^, 
xi. 80, Plekrfid. rarnopie Sehol Meins , 7roti anrf .Sfm 
} Inst. Jour, 1913; Plekard and Potter, Jour. Iron 
I and SteiPlnst , 1914 ; Austin, Jour. Iron and Steel 
j Inttt , Autifinn 1915; Pickard, Jour Iron and Steel 
1 l»«f . t^arnepio Schcl Mems., 1910, pp 08-82; Smlts 
and llijvoet, Amsterdam, Proc. Acad. Sci., 1919, 

‘ xxi. 380-400. 



STEELS, SPEfTAL 


630 


u an imi^nty and thn ateel-maker', „bj«t , tl». .{«,„*» .v,an«anc«- ,M‘ aide* contain, 
u a ways t« rclucc he sulplmr content o) the ; JO-14 ,«r cot of .nano„ncac.*and*h.>a l«om< 
8^1t«a. lowavalucas,nanu ac(unnpcon. *t.cl ,„o,lu.l ,♦ «|,.,dcr,l!lc industria 
d.t.on» will iwrimt It is usually present m lln.po.tancc Ifcis. niatr/ia\. whilst cxlreinch 


icotno 
iiuluHtriftl 

quantities ranging from O-Ol to 0 0« ,K-r cent. , ln„d the cast condilTon, af qiienelicj fnwii 


Abnormally hit^h sulphur is a bad feature, 
since the sulphur i.s ])roseni in CDinbinatiou 
with manganese as aulphifle <if maifgane.?e. 
Sulphide i)f manganese is insoluble in the 
steel, and occurs as a separate, hard, bnttl# 
constituent, and therefoie, as such, is an 
added weakness to the steel \sheu uiuler stress. 
Much work luis been df)ne on the manner in 
which 8uli)luir (x-curs in steel, and also upt>n 
its influence, and the rwords mav l^e studied 
by those interested.* 

§ (37) Manoankst tdroup 7, Family A, 
atomic weight r)5-0, melting-point 122r>'’ ('.). — 
This element may lie considered in small 
quajitities to be an essential constituent of 
steels. It is the most fmpoitant and most 
generally used deo.\idrscr, and as such its use i 


^ligh tempiTatmes pos^'S.ses (ihysieal pro 
pintles wliuh at the time of’ tlunr diseovery 
weie fjuite new in the metalhiigy of steel. In 
the water-toughened loiuhtion such material 
ma\ h.ue, with r ten.sile strength of (10 tons 
|KTsqua#i' i-'ch, a <lue(ili(} wliieli is resjionsihle 
for ,fn eloug.itKin as higli as 50 iier^ent. Such 
steel can lu* Unit double, ami it was further 
found 111 this water-toughened condition to 
ho non|inagnetie. Ihultudd’s manganese steel 
eontains upwaids of 1 per lent of earhon. Of 
latf' \eais tlie mannfiutuie <*f low carbon ferro- 
inangaiu'se has made possible the produe.t: ai 
of mtf'rmediate steels lietweini th(‘ manglinese 
steel ami (he onhuarv st^nd which also cfui- 
lamcfl lo\\-<'arl)on eontenls, and such steels 
aie of eommercial inteie.st. Manganese, when 


ramvcrtcil tlic ..rigm.il un8uccc.wful ISiwmcr l |,re«.„( ,, ,.„„s„lcrnlilc extent, ib 

pwecsB mtu thcwlirat auucwsful pr„<c*i fur ; n,,, „ ,i„ui,i„ 

, whut may cunwdcrc.l tluiiua.® pioducti.m i „( „„q 

of atccl. ilungancar' iiaa irrcaUT nltirnty fur | 'J'lir iruii.mimg.mcHc HV&tcm liaa Irccu atiidicti 
oxygen than iron, a^ul thus etuii bines with anv 
oxygen iiresent ftirm manfSianouH oxide, 

MnO. Another iHiportant inllueiiee is its 
effect upon sulpiun.® Mo.st fernuis raw 
materials contain more or le.ss sulphur, and 
it is found that manganesf- unitf'S witli the 
sulphur, causing tlic sulphur to Ix^ piesent as 
glolnile.s of mangiinese sulphide'* instead of as 
somewhat dangf'rous films of sulphide of non, ! 

FeS. Thus it will be found that eoinniereial j 
stis'ls are made to eoiitiun anything up to 1 jxt | 


by Ix'Mu and Tummaiin and Kuimdin and 
Fiek,'‘ jiixl (he diagiam slr'teheil. With 
im rea.se*! u manganese content the fiee/.ing- 
point of thf' alltty is ilitijiped. Inttidenlally, 
the addition of tlx* manganesi' hts a pnifound 
effect on loweimg the eritie;il plants, with the 
tifcf t th.it the j)e?(eiit,igf‘ of immganesi' is soon 
.'ittiimefl at whnh the ajl>^ ]XTsists in the 
gamtmi eiaidttion at oidmary temperatures. 
Wutke has studieil thf' elTeet of manjjaneso 
the iion-eaihon i^tem.’ 'riiere 


cent of manganese for the puipose of ensunng ; ^aluable reseaifbes •ikt.uit dealing with 

that any o.xygrn r,r sulphur presdit is smtijily i maiman 4 -ho on the iron-earbon 

dealt with, imidentally, the picsiaiee of this , different pi'ints of , to which 


manganese has a mateiially stn'ngtftening 
elfoet upon steel, since it Mi.ses the liardiiess 
and tensile strength without unduly affecting 
the ductility. 

It was early found that when mue})»nu»re 
than I per cent of manganese was jire.'jcnf the 
effect appeared to he ileleterious, as, for 
in.stanee, when per cent of manganese was 

added the material in the ordinary forged 
coniiitiim ap]>eared to be brittle. Kir Rolx'rt 
Hadfield, however, in the ’c^hties, courage- 
ously proceeded witli experiments with still 
higher manganese content, and discovered 
• • 

' Stead, SUiffordihxre Iron ami ^eel I nut , March 

cwxo . ^ 


f ie iU MH/illurgir, 1001). p 4.')^ D. 

ire fron and Steel I nut . Fehfuarv 
Icli, Metallurgxe, May 1010, 
d Ticcker, Zedfi fw amrgaxmehe 


1008 ; Ziegler, Heme de MHailargie, 1000. p 4.') 

M. Levy, Stafford^ ' .... 

1010 ; K. ITledrie 
201 , Ixielx* aixi 
Cliunie, 1012, Ixxvil 1101-310; .1' S^Vnger, Jr on 
Age, 1010, xevii. 140-150, E. IJeckcr, Stahl und 
xxxil. 1017-1021. 

* J>evy, Staffordshire I ron and i^rl Inst , 1000-1010 , 

Rohl, Jour. Iron and Steel Inst , ( arnecie Sinol. Mcru , 
1012, iv. ^ 

* R. A. Hadfleld, Jour. Iron and Steel Inst,, 1893, 

No. 2. 


the le.uh'i shnuld refei.'* 

§ (38) CoiuLT ((iroup 8, atomic \feiglit 51i 0, 
citing - point •1400^ -- Tins I'lement is 

j Ik'ii ' used in steel metallurgy as a eonstitueut 
of s1«(1h. its use was liistf lifouglit to the 
puhlie mdiee as a eonstitucnt of liigh-sjieed 
.steels, hut has been further extended to magnet 
steels and some of the more exfiensive high- 

* See “ M.inuanesc .Steel ” 

•’ \rno)d aixl Read, Jour. lum and Steel Inst., 1010, 
i 100 • 

* Fe^im, 1014 1'*. xli 41-41. * 

’ .Metallnrgte, 'Slay lolt^di ,^-273. 

* F OHinond Jour I ron and ^let I Inst , 18M7, No 2, 

pp. 343-341 , stead. Jour Iron and Steel Inst., 1804, 
\lv 103, (mmot /ron fixrf 1005, No. 

2, K (JriflithH.TnKf Kleetrieul Kngrs. Jour, 8<‘y)t. 
lOH.xIvil 771-778 Arnold and Knowles. Jour. /re» 
and Steel Inst, Odolier 7011; W. If HatflMd, 
Vror. Honal X.ionjxxw . Sir Rol>t,. Hadfleld, 

Jour Iron and Steel Inst , Hejit 10T3 , W. S. Potter, 

irnAmer Inst, of .Mining Kng/rs , February 1014; 

^ Hadfleld and Hopkin^vi, ./w/r Iron and Steel Inst., 
Mav 3, 1914; Duixiy aniLPortevin, Jour. Iron and 
Steel Inst., 101.5, No. 1, p 300 ; IL'we, Amer. ,SV for 
TfMin^ of Materials, .lane 19)7; .VlataushiU, .S'n«ne« 
Heps. TChoku Imp. Umr., 1010, vill. 70-88. 
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tensile steels. Quillet ^ experira^nteii with ftie 
influence ()f*<^»balt on steel, and found that th% 
cIo*k 5 roseinblance wfcich Existed hetween|th^ 
elements nickel and^'hu-h* vlts not roflectecf 
i» tlieir relativ* influence on steel. The 
Japanese have of l^to discovered alloys ri<‘l( 
in cobalt, * which have pai ticularly good 
jiroperties as [lorinanent magnets, but such 
alloys cannot bo c<jnsidered as steels. 

The iron-cobalt system has been studied 
by Kikt and Kaneko ^ and Que|^ler and 
Tammann.l Tiio cobalt-carbon system* has 
been studied by Q. lioecker.* 'I'he iron- 
carhon-cobalt system lias not been much 
studied hitherto. For further information 
reference sliould he made to sundiy papers 
to whi(;h reference is here given.* 

Nu'KKI. (Qroup 8, atomic weight 58-7, 
meltnig-point 1152'' ('.).- 'rhis element is an 
('xtromcly important one as a constitiumt in 
many alloy stecl-i. It was early found that 
nickel adde<l to carbon steels raised the hard- 
ftess and tensile stnaigth without unduly 
decreasing the ductility. With the introduc- 
tion,* however, of hardening and tempering 
of steel in faiily laige masse.s, it was 
found that nickel has a valuable influence 
by a.ssisting Ui the baldening through of 
increasingly hc'avy sections, thus eiAdding a j 
finally Imrdi'ucd and tmnpered steel to be j 
made o^ hi‘4!i (juality. Tliis aspect will be j 
dealt with later. 1’ho iron -nickel steels | 
containing high porci'iitages of nickel ar<‘ pf 
particular interest the 25 per cent niekid ] 
steel Ix'ing excellent for lust recasting, whilst 
the W(‘ll-kno\vn “Invar” metal contains , a ' 
still higher percent^'i'.® Nickel steels are an ex- j 
tremely interesting«serics, and leference should 
lie made to hcvcral valuable lesearches extant.’ 

§140) Ih.ApNUM (Qioup 8, atov.uc weight : 
194'S, n^ielting-yoint 1755'' It is of in- ] 
teflpst to ncord tlmt the iron-platinum system 
has been .studietl b\^ Isaac iwid 'rammanu." 
They claim that at high temperatures iron and 
platinum foivu » an uninterrupted scries of 
mixo<l crystals. 

‘ lie V tie (If Mt’tiiUnriiif, lOO.'), |i. UlS. 

* t'errum, 1‘U.t -I t. xi 

• Zeitsehnjt filr nnurgnntsche Cheni. xlv. 20r» amt 


III. The Heat Treatment of Spbcul 
Steels 

The heat treatment of carbon sti^lfl is dealt 
with elsewhere.® In considering special steels, 
however, it is necessary that some reference 
should be made to the simpler carbon steels. 
Under 'this heading it is proposed to deal with 
normalising, annealing, hardening, and temper- 

(ng- 

§(41) Normalising. — By normalising we 
mean heating a steel (however previously 
treated) to a temperature exceeding its upfier 
critical point and allowing it to cool freely in the 
; air. The temperature should be maintained for 
some little time at this maximum tem])erature, 
which should not exceed the upper limit of the 
critical range by moi'O than 50° C. If this 
treatment is applied to carbon steels the effect 
of ])rcviou8 tieatment is removed. If^the 
j condition of the nutierial liad been that of a 
I coarse-grained stnicture resulting from heating 
I to high tcnijieratures, or if the pearlite has 
j become globulansed through maintenance at 
' relatively low teiiiperatures, such structures 
aie ic])laced by a uniform stiuctifre consisting* 
of normal -si/.ed grains with the pearlite of a 
reasonably liite structure.*" In this condition, 
therefore, the stci'ls may he considered to be 
in a most consistent and reliable state, and 
the mechaniiail properties corresponding to 
.such conditions arc stated in Table 1. With 
alloy steels, however, the problem becomes 
different, since, if nickebidiromiiim and other 
(‘lements arc })resent, the mobility of the 
change from solid solution is leduced and the 
cooling in air provides a <5111110101111,7 rapid 
quenching effect to lead, to a varying extent, 
to /he hard condition of the particular steel. 

It will thus be si'cri that if alloy steels are 
normSli.sed the rc'siilt is, generally speaking, 
very different from what it is in the case of 
earlum steels. Normalising, in the ordinary 
sense, is not used with these .steehi, but still it is 
found that a comparable treatment interposed 
bettveen the rolling or forging of the steel and 
the subsequent heat treatment does sometimes 
lead to an improvement in the ultimate con- 
dition of the material. 


i-MetnUur,ie, Mav 8, IU12. lx 21)0. ‘ § ^**2) ANNF.ALiNG.-The term annealing is 

* Kalians aiul IlhU e, Amer. 1ml. Chem Kng , synonymous in most minds with that of 
January 1017 ; (Julllrt, Jour. Iron and Steel Inst , softening, and, Indeed, that is the best descrip- 
raAr&Tl?th.vnr '' bat is meant. Annealing consists of 


^ L. Oulllet, Hewt de M^lttllurfjte, 1005, pp. 350- 
307; (K II. Waterhouse, Iron Age, 1000, Ixwli, , 
400-401; JC. S’reuss, Iron Steel Iunt , CarnpRie | 
Schol. Mcnis , 1000, 1. 00-142; lIAVixess ami Aston, j 
Met. and Chem, /;«(/., .lanuary 1010, vHl. 2;iVI0 ; 
Ariiold ami Read, lust. Mech, kngrs . March 20, 101 1 ; 
Chovenard. Iterue de Mt^Udlnrgie, Mt^mnres, 1014, xi. | 
841-802 : I)upu/nnd Porte^in, J<mr. Iron and Steel 
Inst., 1015, No. I, p. 300 ; Vensen, Minlnizand Mctate, 
lur«y,” Amer Inst. Mining ajsd Meti. , January 
1920, No. 157, Section 11: Oulllamne. L'Fjectrinen, 
xxxvill. 55; Riley, Jmr: Iron atui Steel Inst., 1880, 
i. 45 • Hadftcld, Inst. Ciril Engrs., 1800. • «■ 

• jUr anorganitche Chtmxe, Iv. 63-71. 


reheating to predetermined temperature, 
inaLitenance at that temperature for a certain 
lenith of time, usually fohow'ed by slow 
conMng. Owdng to the variable composition 
of ^he different special steels, varying treat- 
ments ar^ employed. For instance, with 
some special steels which require to be an- 
nealed, particularly rich in the added elements, 
<;he cooling must he very slow if a complete 
• See “ iron-ewbon Alloys.” 
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softening ia to be obtained. In such cases 
it ia l> 08 t to anneal at temperatures below the ' 
carbon change-point, and thus to prodmo thej 
annealing effect by a complete temiwring 
treatment. On the other hand, where the 
added elements have not the same pronouncejlsj 
effect in modifying the speed of translation ; 
from the 8<did solution 8tat<', it is ffiund the j 
most practicable b) heat the maU*rial to above 
the upper critical point os in the case iof 
normalising, and then allow the steel to cool 
down in the furnace, i.e. very slowly. 

Annealing is generally introdiu'ed for the 
purpose of making the steel soft enough to 
machine with ease, for wdiicli purpose in the 
case of alloy steels Brinell luirdne.ss numbers 
should be produced as near as possible to 200. 
The treatment is, however, resorted to, par- 
ticularly in steel castings, for the jmrposc of 
re^poviim internal stresses, for which purpose 
relatively low temperafures only arc needed, 
or entirely to refine the ciystalline structnic', 
in wdiich case tlie upper critical point must he 
exceeded as in t^ie ease of normalising. 

It will ^e ajipreeiated, ^owever, that each 
separate steel requires its own siK-ciul tempera- 
ture, hut elsewhere lu this article will fre- 
quently be fouq(f guiding tetiqieratures and 
particulars for tht different steels now' utilised 
in the industiial arts. 

§(43) llAiiDENiNd. — Hardening is an ex- 
tremely imjxirtaiit treatriK'nt when the 
alloy steels are considered. If the alloy 
steels aie being use<l for the sake of the 
superior mechanical jirojicrties, it is essential 
that a satisfactory hardening of the mass 
shall ho olitainefl prior to the tem|K*nng 
o[)erati()n, as otherwise the latter triNitment 
is applied to an unsatisfactory condition <rf the 
steel, which will result in a final condition in 
which the properties of the material will he 
deficient. In hanlening any steel, earhon, 
or alloy steel, it is necessary that the uppty- 
critical point shall have been [xissi'd. Below' 
the up])er critical jioint the steel is not if simple 
substance, hut consists more or lj*s.s of the 
ferritic or iron matrix in which the jxairliU* 
or solid solution areas occur, and quenching 


^.lybon* ste*l consists of Jhe decomposition 
products from the solid solution? and is, there- 
fi^ie, not eompl('ft*ly fiaixlened. If wo now 
consider the Aeal eonj|aining, say, 1-2 ^>er cent 
of chromium, or 3 fier cent ftf nii kel and 0-5«l 0 
l>er ent chromium, we (jiui that yi a reasonably 
large mass, 2 or 3 inches in* section, the addi- 
tion of thes ' elements has rtmdered it possible 
for the hard condition of tlie material to bo 
attaiiu-d throughout the mass. If it is desired 
to har^t'ii vet larger sections, then it is neces- 
safy still to burden the steebwith higher 
jiereentages of nickel and chromium so that 
the Hluggi8hncs.s of the iliaiig<‘ from solid 
solutjjm to the soft condition is still further 
increased, Heie we have, as regards the alloy 
steels used for structural purposes, the essential 
reason f«ir the ailvantagemis results (j^Uaincd 
after heat treatment. 

In some of the allov |teelH it is found that 
too drastic (juenehiiig, as in tlie eas(> of water- 
; qucriehing, results in the creation of iiitcginl 
I stiesses which frequently smash the pafts, 

I |)articiilarly if they are eonqilicated in ilesign, 

! and it is found lU'cessary, thi'refoie, t<» liaideii 
f in oil. Although hardening in oil results in a 
slovvei speed of cooliiiL', the presence of the 
addl'd elements still eiiahhft a satisfactorily 
hard ifuidition of the material to he attained. 
H will thus he seen that here *18 another 
advantageous influence of the (fllded elements. 

One very iiiteiesting typi’ of steel now used 
•on a considerable scale is the air-hardening 
i type, whnh is hurdeni'ir with a sufficient 
))ereentage •of niekcl and ehiomiuiri or of 
»cliroinium to enahle'the steel to retain yi satis- 
factory slate of liardiiKii even after cooling 
in Hir. • 

Kiaeture from inti'r^ial .slrcssi's as a result 
of the Ii«rd(>ning ojicration n^st he (‘jg-efully 
j prevented. In the first pla^o the steels must 
I lie perfectly sound aiu^ free from*defeets^and 
I (lien it is alsff neeeshary, in the ease of alloy 
I st els, that they shoiiid riot ho heated too 
! quK kly, and should he heifleif uniformly and 
' as symmetrically as porsihle. In quenching 
' care should also he taken that the material 
is cooled uniformly. In this way the internal 


from such temiieraturcs produces steel whieh^; 
is notihomogeneous in structure. If the upper , 
critical point is exceeded ar^l the steel main- j 
tained at such temperatures for some time, j 
equilibrium for the temfiorature is attained, j 
and a simfffe condition of solic^solution results. 
This is the coalition in which the steel ^ould 
be at the moment it is quenched either irwwater 
or oil. In ordinary carbon steely quenchitig as 
elastically as possible in water sesults, in the 
case of thin sections, in the attainment of the^ 
completely hard condition ^tif the stqgl. With 
increasing size of mass, owing to 1#ic rapidity 
with which the solid solution will break do^n 
into pearlite, the interior of such masses in 


streasing of the niatc'rial is reduced to a 
minimum. 

Hardened steel provides a very interesting 
stud;^ since in that condition tjje steel is^a 
motastable state. It IfTyf ilftercst to record 
that HO much is this the case that after quench- 
ing a hartlened •jiiecc of stedl %’ill change 
(^mensions, sometimes for many days after the 
hardening gjieratiftn. ^interesting exjierinfents 
have been made which have clearly established ^ 
that there is a slight evolution of heat taking 
place at normal t#i»ipcratures in the hardened 
mass. • 

•• fhe Automobile Steel Research Committee's 

Eopoi^, 1020. , 
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§ (44) Temperino.— J lavin^r on(^ atftiine^ S 
Hatinfactorily Mtate in the Bteel, the 

ti'rnperin^ operation j|f thin resorted to, 
obtain {xactly that roi^litioi\ of hardness and 
dtKPtility whieli is required in the finished part. 
In cases wiierc ^reat hardness is required, 
tempering is i* ot tesortcd to as in the ease of 


Tempering, as generally applied to alloy 
I steels, involve.^ a uniform heating to 500°, 600°, 
^650° C., or whatever temperature is found 
necessary, maintenance at that temperature, 
and then cooling off either in w’ater or in the 
fair, (Vutain schools leeommend quenching 
such alloy stiuetural steels as nickel-chromium 


Tablk 7 

|i 

Automobilk Steel 11k.sk \rch Report, IQ20 

•> 

< 9 H 




HardiK'ss 


'reiLsilc. 



Treatment 

Size 
of Jfar. 

Hrinell^ 

Tons/S(i In 

Tons/S(( In, 

Klongatiou 

Red lift Ion 

Impact. 

1 znd 

Ft -lbs. 



\ leld. 

M S 

per ( cnt. 

per eent. 









" — 

% 

|.("dmni. 

;ni 

()G 0 

72 0 

10 0 

58 0 

30 

Oil hardened 82(1 | 


3:n 

(55 0 

7! 0 

10 0 

.5(5 0 

28 

t(‘m|i(Tt‘d r>(Kr (!. 1 

1 >1 

1 “H M 

3.31 

G4 5 

71 0 

17 0 

62 0 


f 

3 

321 

()3 0 

()8 0 

IGV) 

5;i 0 

2G 

(lil liHoh ni-d 820° (1 ; ( 

i 

285 

5G 0 

()2 0 

24 0 

G4() 

G2 

lA ' .. 

285 

5 1 0 

GOO 

22 5 

G2 0 

50 

(('iiihcri'd 0(Mr t). 1 

2A 

285 

53 0 

GO 0 

22 0 

(G2 0 

57 

1 

3 

285 

.55 0 1 

GO 0 

*22 0 

GO O ^ 

GO 

( 

1 <1 »« 

2G9 

50 0 

58-0 

25 0 

GGO 

77 

Oil hanhmed 820" C. ; f 

lA .. 

2G0 

48 0 

57 0 

24 0 

^ 65 0 

74 

teinperi'd GoO’ C. | 


2(>2 

48 0 

.50 0 *' 

25 0 

. G7 0 

74 

1 

3 .. 

2t>2t 

.7 0 

5.5 0 

25 0 

(' G5 0 

77 


4 ) 

Table 8 


(vH 


4». 


- ■ , 






— 





IVardni'ss 





7'rcatment 

4^. 

-Si/e 
of liar. 

Jlrinell. 

rons/Sii. In, 

Tons/.S(| In 

Elongation 

Ki'din (hm 

Inuinet 

Izod 

Kt -lbs. 

0 


^'ifld. 

M S. 

per fi“nt 

i)fr rent 

I 

• ilium 

2^ 

40 0 * 

.58-0 

18 0 

50 0 

22 

Oil <lti('neln*d sfir’ C. i 

lA 

2':i 

3G 0 

„ 5G 0 

20 0 

40 0 

27 


-A 

228 

.•14 0 

52 0 

23 0 

54 0 

24 

» •' ( 


217 

32 0 

40 0 

2;{ 0 

55 0 

2G 

(l 

lA • 

2.55 

30 0 

5G 0 

21 0 

57 (i 

40 

Oil (pienelied 870° 0. ; | 


248 

3G 0 

,55-0 

21 0 

54 0 

32 

(cmpcivil 500* C." 1 

^ .. 

228 

3t 0 

/ 52 0 

23 0 

540 

31 

[ 

3 

217 

31 0 

4y 0 

2:1 0 

55 0 

30 

( 

1.V 

229 

35 0 

51 0 

24 0 

G1 0 

53 

Oil-ipiencluHl 870’(’ ; | 

H 

223 

32 0 

50 0 

24 0 

50 0 

30 

temjiorcd GOO" C. 1 

n » 

207 

20 0 

47 0 

2G0 

59 0 

39 

1 

3 

202 

27 0 

45 0 

2G0 

59 0 

<39 

i* 









a#ft\e tiH)ls hmf sw;.' ])rf.’ta ^\ith wearing 
surfaces. It is kno\Vn, however, that hardened 
stei'ls, amljpiirfticularly har^lened alloy steels, 
may be tempered, with advahtoge, to hov 
temiieratures, (and in the enfee 

of high-sp<M'd steels to still higlAr tempera- 
tures), with the advantageous cff(*et of n*- 
moving, to a consurcrable qxhmt, the internal 
stresses hfft in the rpaterial l>y hardening 
without impairing, - sometimes indeedf ipi- 
proving, the intrinsic haixlness of the material. 


steels from the Umqiering temperature in 
water, since by this trf.atment ® a higher 
notched bar irnpact test value is obtained. 
Cpoh)^g off such steels in oil ^vea an inter- 
mediate result between the water-quenching 
and pooling in air. 

In Tablea 7 and 8 examples are given ^f 
‘the effect of harclming followed by temper- 
ing to vAi;fou8 temperatures in the case of a 
carlion steel (6 H, Table 8) and in the case of 
a nickel steel (9 H, Table 7). Both steels 
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have been treated in different thicknesses of 
section. The c(3mpositioiis were os follow s : 


Lwirt» a sfiorttound bar of wnaighUiron. If the 


Carbon, pr cent 
Manganese, jx-r cent 
Silicon, i^KT cent 
Siil|)hur, jier cent . 
PlioHpiiorus, fxr cent 
Chromium, jier cent 
Nickel, per cent 


Carbon 

Steel. 

045 
0 78 
0 32 
0 02 
0 025 


\k kel 
SUm'I 

0 31 
70 
0 It 
(M)27 . 
0 03 
0 82 
3 27 


The tests on these steels which are heie 
quoted are part of an excellent and voluniinoiis 
report upon steels used in autoinobilo work.^ 


,•*>10111:111, jn»ii IS n^uMu 10 '.war 10 luinr i; 
I in® intnnate contact With a carbonaceoua 
material it will f.llind ^that at tll^ high 
I tenijwratufes carliide of iron* is synthetic- 
cully jiroduiid on the sit^acq of <the bar, and 
owing to the tenqM'iature tins carbide diffuses 
inwards into the mm. Jt will thus he seen 
tint a \anahle < oinimsition is given to the 
bar, i I the cent e remains composed of soft 
iron^ ufstos, (he ouCsido Inycrs cimsist of 
jK'arhtc (with pcrlmjis a li1tle*comcntitc), 
whilst the mlermediate laiers am a varying 
mixture of Mvin crystals aiul pcarhte. A 
ridcrciH'o to the iron-cai hidi' diagiani will 
make it clear that the oiitir layeis hceome 



The research had tlie support, of the .whole of 
the engineering and inetallurgical aulhonties of 
this country, and the repoit should he .studied 
carefully by any one interested in alloy steels. 

In 3 arc given a few' typical heating 
and cooling curves, wiiich illu|itrate the effect 
wiiich changes in composition have upon the 
critical jioints and emphaaisi* the necessity for 
considering *the heaf-treatmenUof each steel 
on its own part^ular merits. / 

§ (4r>) Case-hardexinu. —T he proees.? of 
case-hardening is based on the fact that*})y 
vaqi^ing the carbon content in a single article 
the same heat treatment will prodiu^ dissimilar 
physical conditions. In the ordinary )jay, the 
process may )>e illustrated by an efjK*riment^ 

* The .\utomoblle Hteel Research i'oiamitU'T’s 
Report, 1920. 


solid solution on heating at so low a temj»era- 
tiire as T.'IO to 740" (’ , wlolst the eentn* does 
not iindeigo a tiansforination until IKkt’ (’. 
^s re.ohed. if, therefore, this jiarticular bar 
1)0 (pK-ncl.' d from 700" il., the outer layers ore 
inten.sely hard whilst the^entre remains soft 
and dm tile. 'Phis ^uocesg^ lias obtained wi^e^ 
use, pnrtieulaily for the pri^aiafTon of wearing 
sutfaccH and when a hard surface is reipiired 
with a tough ^centre or hack. * Originally, 
w nought non was used, but this was subse- 
qiiently replaced b^ th^ more homogeneous 
low' - carbon steel. It will, • however, Ik* 
ijppreeiated that as the eiirhon of the steel 
employed is inoreaft#d, so the difference in 
carbon eonU*iit l)etweeif the mterior and the 
out#V •layers is deereaseii, and so greater 
accuram^ in treatment and^iij a knowledge 
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of the proce^ is required. Of lafe years ailoyc 
steels have liffen usec^ for ^aso-liurdening pur-» 
poses (see Table 14). ^ < 

The^addilion of^niel^d raises rho mechanieal 
stTougth of the core witlxnil disproportionately 
reducing its /Juc^iilityi ‘ 

Chromium also has a similar effect, but the 
alloy steels usually employed are thtise of 
carbon content about 0 10 per cent with 
nickel either 2 jKir cent, 3 per 
cent, or 5 per cent. If the need.s * 
of the case \f arrant a nickel steel, 
the 5 per cent is the best to 
employ. 

As regards the hard surface 
obtained with a nickel case- 
hardening stool, it should be 
rocor4"‘d that it is very slightly 
less hard tlian a stnnght carbon 
steel. « 


1*V. A (!0NSI[)Kll\T[<)N or TllK 
StkKLS ACTlJAl.l.Y I'.MIM OYKU 
itf Tiir. Induhtuial Auts 


tests of such material, together, for compari- 
son’s sake, with the analyses and mechanical 
pniperties of structural steel made (iiwing the 
war from shell discard, this being a ready way 
of using up a considerable amount of steel 
which otherwise would not have found an 
economic usage. 

Structural steels are usually put into 
g^^rvice simply in the rolled condition, but 


Under this heading it is pro- 
posed to tliscii.ss those actual 
steels wliK'h, as a result of (“\- 
perience, are at the present time 
utilised ffir different juirpo.ses. 
It natufally*^ follows that the 
present industrial position as 
regards the u.se of ^sti'ch is hardly 
in line with scientilK' knowledge 
to date, as there inevitably must 
bo a.con.siderable lag F>etwe<>n 
the discovery of pa>“t.cular steels 
and their properties, and their 
actual use. This is imrticulaily 
so IK regarcU some of the new 
alloy sti^.'ls ; tl ere arc seveial 
which have now been Jhoroughly 
investigated and whu'h have 
such intrinsic merits that they 



Htnietnral 

Structural 


Ht('el 

Steel 


(Ordimiry), 

(Shell Discard). 

AnulyHcs— 

per cent. 

]>cr cent 

Carbon 

0-20 

0 60 

Mangiincso 

0-80 

0-80 

►Silicon 

0 12 

012 

Sulphur 

0 0.5 

0-05 ^ 

J*ho8phoru.s ... . . * 

0 05 

0 05 

Mirliamnil t«‘sts — 



Tensilev— 



IClaHtic limit, tons/sq. in. 

12 2 ‘' 

18-7 

Yh‘Ii1 point, toiirt/sq. in. . . » . 

15 8 

, 32 2 

Maximum stixfw, ton^s'l- in. 

;10 8 

54-9 

Elongation 

35 0 

15 0 

Koduclion of area . . U 

fil'o. 

20 3 

lorsion — 

I 


Yield, (otw Sq. m. . 

11 3 

17-5 

Prob. mux. bhear HtresH ton.s/sc] in. 

25 5 

37 3 

Degri'cs twist 

585 

182 

Impact a 



I/od impact, ft.-lbs. 

35 

5 

Chiirpy imjNu t, ft -Ihs. . 

10 

4 

En'imyit, ft.-lh.s 

51 


Alternating .stresses — 



AfnoM reversals 

.300 

300 

Stanton hlow.'t ... 

1230 

1(;.35 

,, Sankey energy, ft.-ll>s. . 

27 ( H ) 

1750 

Hardnoas— - 



Hrinell No 

131 i 

228 

Shori' No. 

1 21 i 

33 


are worthy of much wider ajiplicatimi, and it 
is hoped that this article may facilitate that 
dcvel(*pment. 

§ (40) Stuuctitral SiKKr^s. — Under this 
heading it is pro[)o.sed to use the term “ struct 
tural” in its broadest sense, including girders, 
angles, etc., Aihich Are usually known as struc- 
^nral stiH'l ;..r^lwaj^^atei;^nl3 ; large fo rgings ; 
and automobile 5 ,nd aircraft steels, it being 
considered that such steels, whilst not re- 
prosentinjj all those which mqy be considen'd 
of the structural order, yet typify others, ^ot 
included. ‘ 

(i.) .yfild SUpU. — As reganis ordinary stnie- 
tural steels, viz. girders, angles, plates, etc„^ 
largo quantities of clu.ip steel are needed, 
and the result is tliA't, generally speaking, a 
mild carbon steel is employed. In labio 9 
will be found thp analyses and full rae^'honical 


exj^nenep shows that the finishing tempera- 
ture in rolling approx im.ites to that of the 
normalising temperature, and hence the 
ultimate condition of the fteel is reasonahly 
satisfactory for the purjiose for which it is 
intended. The inicrostructure of tl^h mild 
steel consists of ferrite, strengthened up by a 
small proportion of pciirhte. 

(ii.) Railway SleeU . — As regards railway 
materials, hero again large quantities of 
mjl!^*,erial are required ; and it will bo clear 
thav changes in composition cannot be 
lienuitted in standardised parts without much 
tlehberatioii, it is found that to-day practioilly 
the whol^ of ^le steels used for railway 
motoriffl are still the carbon steels. The 
^carlion Anges from, say, 0*20 per ceiit in the* 
mild-steel plates to 0 (iCM)’70 per cent in the 
harder tyres. In Tftlile 10 will be found 
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typical analyses, conditions, and mechanical 
properties of the essential items used on our 
railroads. Earlier in this article figures have ^ 
been giv?n showing the influence of a variable 
carbon content, and it is instructive to consider 
the use which has been made of this fact in 
connection with railway materials. For in- 
stance, take axles : hero is an instant- where, 
whilst considerable strength is required, yet 
owing to the necessity for resistance to fatigue 
a considerable capacity for plastic deformation 
is absolutely essential. It will, therefore, be 
seen that the railway engint'er is content 
with a tensile strength in tons per square inch 
of 3o.40 tons, accompanied by an elongation 
of 2o-30 per cent and a reduction of area in 
the neigh bourhoo(l of (iO per cent. ( )n the other 
hand, to consider railway tyres : what is there 
required is the resistanee to wear combined 
wi^i a sullicient .strengtli, whereas, as shown 
by actual service conditn^ns over a long jieriod, 
ductility takes a Sv'condury [)lace, although 
it must Iw of a suflieient order to ensure 
absence of undu# brittlcnc'.ss. Typical figures 
are given ^ three ty]'cs tyre which will 
onahle a comparison to Ik* made laiiwoen the 
tyre material and the softer tyiies hef<»re 
mentioned, Aga^n, take rads? if too low a 
carbon material mere cmjdoyed, the wear 
would be exeoHsivT, and, therefore, it will he 
found that the raihvays have adopted a 
carbon steel of a mechanical strength of 
something like 4.')-r>0 tons [ler square inch m 
tension. Such material gives very consider- 
ably better results than the softer material, 
particularly the wrought • iron rails used a 
few decades ago. Another instance of hi<ih- 
carhon matenal used for railway pur}K>8es 
is the instance of the spring. For a succewful 
spring a high elastic range and considerable 
strength are required, and this is obtained by 
taking a 0-50 0 (M) per cent carbon steel an<l 
hardening and tempering it to tlu^ required 
degree. It is of interest to record that in 
a hardened and tempered spring there w^vciy' 
little free ferrite present. , 

Whilst diseus.sing railway materials the 
author cannot do better than quote from an 
address recently given ^ by Sir Henry Fowler : 

“ Railway material offers very considerable 
difficulty in the colleethm data as to the 
serviceability of material tested and passe^l for 
use, owing to the very long life of some of the 
princijial pftrts. • • 

“A very thorough method of testing is, 
however, of c<?ur8e absolutely necessar^, jyi 
the failure of material on a raih^ay may have 
vqp^ disastrous results, and it ^ thcmiforc 
absolute ‘safety first ’ that must be aimed at. 
Of the life w'hich certain f/Krts actually give, 
that of the straight axle may be taicen as an 
example, and, while in some cases axles ^afl 
> Shcffleld Association of MctaUuTglsts, Sept. 1920. 


ff) repetition stressesvit often hapjiens 
^that an axle may give ilOO t#‘ 400 millirm 
rejfolutioiis liefore ftoinj? withdrawn either for 
wear or throlkiw dfftx't di'velopin^ The 
same thing held.« good wirti ivganl to en^flk 
axles. A life of half a^imllion ^o nearly (*ne 
million inil«-s is nothing e^^o}>tio!ml, during 
which time the eiank has bivn subject ixl to 
eompheated repetition stre.‘>se.s during each 
revolution, apart from the .shock arising at 
juiietio%<, etc.” 

tfli.) Lotoe Forf/oif/.s-.— 'Pile devfrlojuncnt of 
l.iige pow<‘r plants, Ixdh land and marine, 
togeih(*r with the nceessaiT transniission 
units, ^iis resulted in n rail for v'ly large 
forgings — so large, indeed, that it is no 
uneominon thing in the SlM'ffield works to 
lind ingots of bO-lOO tons l>emg iiianufiMiiired 
lor the piirpi^se of jin/dming oiii* iiarn 'Phe 
steels mo.si largely used Jor this pui’iioHc for 
shafts of one kind or another, tiirhine discs, 
etc., are eurhon sti'cls ’eontaimng carhymi 
ranging from 0 25 0 45 ])er (cut. As typiml 
of the actual analysis and inixlmnieal 
jiro])erties associated with siieli forgings the 
writer cannot do hi'tter than ipioti* the 
results ohtained in a joint investigation 
conducted hy Mr. Duncan iftid himself iiitn 
the prt^ierticH of tiirhine steels. In 'Pa hie 11 
will Ik* found the amilyse.s and mechanical 
properties of two turhine dise>i jftid Uvo shafts 
in the actual condition in whnii they went 
Wito service. Such tests are typical of tlio 
material at pre.senti'rnplow'^ for sneh pm poses. 
In Table l?will he found the analysis and 
pieehanieal pro])er1ief of a turhine dise^whieh 
failed in seiviee, and also^a rot(»r shaft which 
faili^l in .service; wiiilst tide hy side* will l)(“ 
found the meehanieal jiroperties of a shaft- 
end whnji, although only li^htl- stressed, 
was in service for eleven yc^irs lafpie lieing 
taken out. HeferenreJ b> the tngimd •re- 
search should, •liowevor, he madi' for the full 
pai’iculars, and also for the details of an 
inteiesting discussion whifh • folio w'cd the 
reading of the jiaper. One luteri'Hting feature 
of the low-eaihoii stwls such as those under 
consideration is that they are not readily 
seriously damaged in Ttdu'ating unlcKs heated 
' to very high temperatures; and an int<*rcsting 
set of ex|K‘riments, earricti out hy Mr. Duncan 
and t^c writer, are reprodueed^in Table 13 
which should Ik* sfudietf'eareifffly. The aba^ 
lysis of the material in this east! was ; 



gor ront 

• « 

ppr t«it 

i'arbon 

. 0-.3Q 

^ Phosphorus 

. 0 03J 

Manganese • 

. 064 

■ Nickel 

. 0 08 

Silicon . 

. 0 18 

rhromium 

. 0 08 

Sulphur . 

. 0044 

* 



» W. H. HatfieUl and tft. M. Duncan, “Turbine 
Steelsan Heseareli Into ttieir Mer lianieal Proixulles," 
sW-EnA VoaA InAitutum Engrt. and ShipbuUdert. 
March ;y, 1920. 
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Turbine Dims * .'shafts. 
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Slow coolings took apyroxmmtely 7 hours down to 200* C. m.2, 4, 9, 10. and 11. In 8 no record taken. 
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One oo^Hiderable difficulty in the fast wR,h 
regard to tlfe^ (Sarbon steels is tnat a conimoi! 
practice existed of cHise m mealing, i.e. anneaK 
ing #uch steels at temperatures just below* 
ibo elitioal point, followed by slow cooling. 
Such practice is very unsatisfactory, since iV 
results in tfno clasAc range of the material 
lieing very materially lowered. Micrograph 
G reproduces the microstfueturc, at 1(K) 
diameters etched, of the shaft, full ])articular8 
of which are given in R.L. i)2()(), 'j^able 11, 
and it will^be seen that the structure consists 
of about equal amounts of ferrite crystals and 
of pearlite. 

(iv.) Auto (md Aero Sleeh. — Turning now 
tf) aut<»mobile and aero engineering.^ These 
lira riches may he considered the latest 
branches of etiLdneering to be developed, hence 
pracCi'e as regards the 
use of materials was 
not atereoty))e<l, \^th 
the result that < far 
•»ii.ire ustj has been 
made of the sjioeial 
pnqnirtics of alloy 
steels than in general 
engineering. The 
writer W'oulrl, there- 
fore suggest that this 
section , relative to 
automobile ,'ind aero 
engineering should he 
taken os lieing more 
imiiortant than « even 
those branches* of 
engineering would 
inakh it, owing t(.^tho 
practice as regjdds 
materials being repre- 
sentative of the moiJt 
modern pVactico. 

P^rticulhij/y dot's this apply to aero engineer- 
ing where, during tl*. war, tj'e huge nunibei 
of aero crankshafts manufactured consisted 
almost cntirfly,of a nickel - chromium steel 
having a tensile strength of 00-().'> tons |>or 
square inch. As regards the use of steel for 
these purposes, the writer would suggest ix'fer- 
ence*to his paper given before the Institution 
of Automobile Engineers,^ but the matter cart 
be briefly sum man vd in the following manner. 
The steels available, apart fnim the carbon 
•ieels desert lied in T'’ble«l, are the t4o case- 
hardening steels lAul the nickel-chromium air- 
hardenin;^ s/eel described in Table 14, together 
with the 3 per cent nicftel steel, 3 per cent 
nickel -chromium stfcl, j'hromium- vanadium 
steel, and 12-14 per cent cltromiura steel 
quoted in Table 15. In these tables wilf be 
found a detailed sfatemenji of the com|X)sition^;f> 
treatment, and raechjjni^al properties of these 

* *' The Most Suitable Steels for Autoinobll^^Parta,” 
April 1920. 


several steels in the condition in whibh they 
are employed. Since it is easy to deduce 
from the name of a part the stresses and 
service which it is called upon tfc •perform 
and thus enable comparisons to be made in 
other fields, it is proposed to state here, in 
some detail, the different parts in aero and 
autom(/->ile engineering which are made in 
these steels. 

I For instance, take the 3 per cent nickel- 
chromium steel. (Table 15) -flO-65 ton condi- 
tion with a high elastic range of 45-50 tons 
aecompanicfi by an elongation in the neigh- 
bourhood of 20 jier cent ; this steel has been 
found te servo admirably in the case of aero 
crankshafts, connecting rods, automobile con- 
necting rods, crankshafts, clutch shafts, etc. 

The 3 per cent nickel steel (see Table 15,'' 
in the hardened and 
tempered condition, 
having a tensile 
strength in tons per 
sq. inch of about 50, 
withfian elongation ap- 
proximating to 25 per 
cent, has- been found ^ 
to serve admirably for 
rc^r axles, front axles, 
toijfiiie tulxis, steering 
columns, connecting- 
rod bolts, and in 
heavier vehicles for 
crankshafts, connecting 
rods, etc. 

The chromium- 
vanadium steel (see 
Table 15) is also a 
satisfactory steel for 
most of the foregoing 
parts. 

The air - hardening 
nickel -chromium steel (see Table 14) in the 
lOO-ton condition has jiroved very useful for 
transmi.ssion gears, steering pinions, steering 
worlds, and parts i-equiring great strength as 
weK as resistance to w'ear, whilst in some 
aircraft This steel, in the air-hardened l(X)-ton 
condition, has keen used successfully for con- 
necting rods. 

As regards the nickel case-hardeniqg steel, 
this is used te a considerable extent in these 
fields ; for instknee, cams, camshafts, tappets, 
gear - box shaft, tnmsmission work, valve 
rockers, gudgeon pins, , and a » number of 
similar parts are made successfully in this 
nifrierial. * 

* 7he thing to be borne in mind is that with 
the introdimtion ofuthe alloy steels the parts 
may be dtfjsigned for the same weight wi^h a 
greater clastic range, and thus that slight 
plastic * deformation which inevitably takes 
wplace with a reversal of stress on the elastic 
range being slightly exceeded, is prevented. 



Micrograph 0.— Carbon Str’l Shaft, Etched. 
xlOO, 



Air*hardcning XlCr Stfeel. 
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Table 15 
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At an inatanca of Uie lalative behaviour ori ucnfc ca^jbon» whiUt a raaor o^a aaw file 
Boine of these steels under the Wohler fatigue might lie made qjost sumwsf ul^^ fn>m carbon 
teat the following iigureu are quoUnl (Table 1«). ^ *8t«*l with a wvrlK)n^(»ntlnt f.f 1-4-1 A |)er cwit 
The (lata are derived from on extensiv** Uii <}ii(uichi(|g ,tho t<M>l for the jmrj'^ue of 
-investigation which the writer ia at present hardening from a temf)craturo lying l^twjpm 
conducting at the Bitjwn- Firth Rt^soarch and mrc. the imiterial ifCclmcH cm- 

Lalxiratories relative t<» the fatigue range </ vertod iiit*) martensite, which is" the j)r*Mluet 
the varioua kinds of steel when m th^different iwulUtig from the quenching of (he wtlul 
conditions induced by heat -treatment. S'dotion forimtl above the critical point. 
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3 1 per cent 
Uarl>on Steel. 

60 per cent 
I'arlum steel. 

3 pii^ent Nickel 
lle.it Ire.ited htwl. 

Tcnsili^ — 




Klastic limit, tona/sq. in. 

20 05 • 

27 0 

30 8 

Yield {Mjint, tonB'Hip in . 

20 70 

2!) 16 

41 7 

Max. Htn-88, toiiH/Mj m. . 

S.") 17 

48 6 

49 .'ll 1 

Elongation, jmt cent 

30 f) 

22 0 

24 0 r 

^ lied, of area, jkt cent 

54 6 

37 9 

63 6 

Wohler— * 


• 


Rova + 23 Ums .... 

26, (MM) 

497.1 KM) • 

; l.t.-iO.lkM) 

1(MMK^MK)••^'’ 

„ 121 tons .... 

1(M),3(M) 

t)(N)..^>00 1 

„ -Ml) tana .... 

30l.(MM) 

8()4.IMH) 


+15-3 tons • % • • 

1,720.(MM) 


» 

„ * 13-r> tona ■ f 

„ +11-7 tona 

3, 247, (M Ml 
10.(MM),(MK» * 




• Unbroken ^ 


The writer feels that, with a duo apprecia- With carlxm content much alxive (7^9 jR'r cent 
tion by engineers of tli(’ properties of modem some of the free carbidf^ of ifotf whi^h existcfl 
steels, considerable improvements in design as cementite is flistnbuted amongst this 
may be achieved, and he looks forward t<> a hiartensilo as islands of caibide. 'riu-rt'fon*, 
very much larger us(i of alloy steels. Paiticii- as the free carbide of itsi-lf* retains, to 
larly is tins so as regards the heavier units a coiisuh-raBlc extent, its intrinsic strength 
where mass maki-s it impossible, without find hardness with ii>me in<T(*aHC of tepi|K‘ra» 
additional alloys, tx) obtain anything but a ture, whereas with ardiiaift work the inereaso 
relatively indifferent mechanical condition. in Bernix-rature is siifhcM-fft to further tenqier 
§ (47) Tool Strkus, KTC. (i.) Ilujh cfhhon the martensitic haekifroiuul in which the 
Skeis.—The sli-els first ustxl for too^ .steels eeineiitit# carbide oeeiirH, it w il# I m' ap])||^:iat<Mi 
w'oro those eontaining high carbon contents, that in the higher eariHui tofu/ steejsfthe higher 
the carbon pereeqtiige ranging from 0-70 to l-.W carbon is useful to t(jp extent to whicirthe 
per cent. iS*ich steels, in the soft condition, h irdne.ss and^eutting effect of the tool are 
consist with th(? lower carbons almost entirely reinforced by this fr(?e carbide. In Table 17 
of poarlite and with the higher carltrgia of will lie found a few paritrulRrs of somo^of 
pearlite and cementite (or massive carbide of these tool and cutlery steels, 
iron). As hardness was th<^ essential property Attempts wore made from the licginning 
required, such steels were very satisfactory of lost century to improve the cutting pro- 
sinco they readily hardened at the relatively, perties of tix>l steels by adding one or more 
low tfmperatures of 750-800° C. They further of the ihffcrent siiecial elements, and success 
readily tempered on hcaflng to any required was achieved t<i a comtderable extent. For 
degree of hardness. It will therefort? be seen instate* Mushet, J>y adding elwnents suej^ m 
that fluch.material lent itself successfully to tungsten and chromiiffii, jirotlTiced what w5» 
the production of a. considerable number of known as a “ self-hard ” steel, i.e. the addition 
tools, such as« for instance, turning, pl|fiing, of the elemej^ts rendered mor^ tiuggish the 
and shaping tools, wood-cutting tools, •saws c\^&nge from the solid solution to the soft 
of one kind or another, axes, pajifer and tobacco condition, qpd thos pjhnitted more effeefivo 
khives, cutlery, etc. Within tfie range of hardening and also * produced a physical 
carbon mentioned all the jequisfle properties^, condition of the final steel which • mode ^it 
could be obtained. To take two extremes, possible for the tflal to stand up to its work 
an ordinary table knife could be mfde success- mu^ Iietter than in fhe case of similar tools 
fully from a carbon steel containing 0-704)-W nftdl of*carbon steel 
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Chiwil 

Turning tiM)| 
Tubic ktuf<- 
kiitfc 


4’arliort 
fM r f ml 

*1 4/1 r, 

0 85 

1 25 • 

0 8().() !N) 

0 80/ 1 U 


Jl T «TIlt. 

0 22 
0 25 
0 25 
0 (»5 


IMT a-iit, 

t 

0 12 
0 15 
() 15 

0 12 


Sulphur 
per ifiit 

(» Oil 

0 o;{ 

0 o;< 

0 01 
0 02 


l‘h<).'<pli(>riiH ( 
IH“r fi'uf ! 

0 01 
0 01 
0 01 
0 01 
0 01 


IJrim-ll 

A'uruhcr. 


(iOO/050 


600 550 
5.')0/(i00 


(li.) Strt‘l.< Tho iMoat dcvclop- 

meiit, howuvrr, came wl»‘n (ho hiif}i-H|>fO(l 
Hteoh wore disiovorod, Witli (lit' (lfvolo|i- 
rnofit of priutuo ua 

inachinint? oporatinns it Iwiame a u'liuit 
udvantaK*' to havo a tool that would <lo 
hoavioi^work with hwa attoiition than liricto- 
foro. 'I’ako, for ioataiiro, a carhiui tool si col 
turniii^ t(»ol. It wfil l«‘ ajiprooiatod that if i 
the outliiijj; ('ondituvis imdoi which sip Ii tools , 
ttlV-.vorklrn' hoooino hi'Voio, ooiiaidoiahlo lioal ’ 
ia i^oiionitod, whu h has Iho olToi t of ovoi i 
HofU'wn^ tlio iioHo of the tool and m.ikini' it i 
unlit foi its work. It will thoroforo ho < loai* j 
that then- wa.s a limiting .sot of oondilnuis ; 
under which car^^on sUsd tools could (tporato 
\Vith th(« addition of aiuch tiin^rs^'ii and 
chromium it was found that if the sU'ol was 
hardened Iroty t^onijioraturos ai»proaohmu tlio 
inoltin/i (loint of the material a solid solution 
condition of the final tool was ohtamod whn |^ 
had very jmixirtii'it inopottics. paitioulail\ 
ns reyard.s the maudonunoo of li*’rdnosH with ; 
ineroasini]! tomporatuios ^ The result is that 
tools are so made ^hat they will continue to 
out when the tool i.^ yoieoptihlv rod owiinf to 
the heat pnulucisl in (ho work ilono. 'I'hero 
are now many hiuh '')K'od tool stools whn h ^ 
vary tl^aiHiderahly in eomiiosition : tVe .stand- 
anl^and fUlest known ones contain res|a‘ct- i 
ively about 14 and akout IH, per cent of ■ 
tungsten together with .’t or 4 js*r cent of j 
chromium. O^hci;^ contain substantial addi- j 
tiOi'is of vanadium, molylHlemim, cobalt, ami, 
indi'od, so diverse are the eonipositions tlia^ J 
* thiieio intereaUHl shouKl refi'r to papei-s dealing | 
with the subject. In Table 18 will Ih' found 
a few typical analyses of various high-.s|MH'd j' 
1 aU*(ds. It will Ih' aiyireciated that owing to | 
the a<ldition of so much of the sja'cial elements | 
t^otivaluo of 'yjie.se st^t'ls u eonsideraUy in- 1 
ercaatal, and as coni.nen'ial pnxluets they are | 
expensive a^(| merit a cart'hil understanding ; 
and treatment. * » I 

Tj^he forging trmpcra^unv»| if tool stwls vai^* , 
oonsidorahly ; for instance, the t»m|K'iaturpa j 
at which to forjtl* a tool in carlxm tool steel I 
range froln Jlfiir’ to TtkiO'^ and the higher (' 
touiperature must not^ IjSfi mueh excectifsl, j 
since owing to the high carbon con^mW t\je } 
liqnidus is widely separato<| from the solidus, 1 


and dangeioiiH burning, with damage to the 
stis I, may reiulily take place. 

With rcg.iid to liigh-sjUMsl steel it may be 
pointed out that, geiieMlly sjieaking, forging 
may In* duni‘ at .substantially biglier tenipera- 
tiiio.s, and situelbe matciial cannot I k' burned 
••vcopt with toiiipcratiiios well above l.i(H)‘' ('. 
tlio niatorial may bo fnrgisl with Ih'sI adv'iiiiy'gp 
within till' laiigo lO.’At 1250 (’ As regards 
aiiiK'aiiiig fill tho ptiipu.sis of softening, this is 
iloiio III the oa.so of (atl)oii stools by ho^ating 
to a (oniporatiiio of about iOO' ('. f<*llowo<i 
by slow looliiig, the ontp aL fiiMiits are 
^•\oo^M|od !^ui| advantage taken of (lie .soft and 
poailitio londitioii attMiip] as a lesult of 
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pas.sinfi slowly through the critioal range. 
With high-s|HHMl steid a tomjS'rature of about 
7.50 HtMt ('. IS enijiloyed, wbioh tomperntiuti 
range is Isdnw the r-arboii chan'ge- point, and 
heme ladvaiitage is really Ining taken of 
the tVnijH'nng etbst ; in tlii.s ease the 8t^^el 
may Ix' eooled m air sinee the carbon change* 
point has not to i,e passwl. In dealing with 
high-sjKxxl tools, paiticularly' of complicatetl 
'design, ft is very important that in litatiiig 
foi hartleiung the .Oiols should Ix' warmed 
up gradually and not lapnlly heated, as other- 
wisi' unei(ual stressing takes place and rupture 
may oocur. To put high-ajiorHl stdel into its 
best ^condition tor piirjioses of tools it should 
lie^d<Hl to just Ix'low its fiuhon jxiint and 
eithn- cookxl ^in air blast or in oil. A low 
tern iij* ring tj/niinwatiie may lie employqjJ 
for the piii|Kiie of reducing the internal stressee 
«'eft by such treatftient, since such materials 
arc not sM^ned by tempering until tempera* 
ture| in the neighbourhood of COO® C. are 
attained. 
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In Micrograph H be found the micro- i fein|*ei4i»p for the removal of irteftml ft|;peg«e« 
structure of the cjirUm tool steel in the soft f without an*uiul^e (leJ>n*e^H•il>«^^^|f the elastic 
comhtion, showuig a gn>und miuw of ix'aihte * range. In the tjfble l»i!l In* ft>und typi«uU 
througVwhieh are djstnbuted memhnuu'a of* aital\H<>s and jjthieiitK • • 

carbide of iron. In Micrograph • . . • • * 

1 will be found the nncroiitruc- 
ture of the same bteel after 
quenching from C'., wlien 
it will be wen that the ground 
ma«« of |H‘arlite has lH.Home 
change<l into martensite. In 
Miorografih d will Ik- found tlie 
structure of a high hjhhhI 8t»'<*l 
in the soft condition, wlnl.d in 
Micrograph K the strinture w 
illustrattHl after hardening m 
the manner dcscrilHsl, as a 
ivsult of which j»roccK.s it will 
Ik* fouml that the h.inlcnmg 
In^ had the (‘lTc< t of pic- 
serving the soliil solnlu^i (on- 
fliti«in of the matcnal. 

(in.) ('uflny Strth -Space 
diKw not j>erri«t the cnlhiv 
rtte<*ls l^'igg imn h di'-cu'^-d. 
but the analyw'S will Ik* found 
in Tabic 17. 'I'lie •e'isential 
jKiint with i'cgay:lto fiiticry i# 
that the knive.si shall lia\c 
lieen propc'rly h.udcntsl and 
smtahly temiH're<l to give the 
rt*'(Uircd hardness. Type al 
Hrincll hardness figures for kni\es of \arious Hi stokss STKhi> It is of inU*rest t-o 

kin<ls will Ih' found in the same tabic. l be able to state that thc^e^m* no]|i alloy ateelH 

(i\.) SpntKj .S7<f'/s. -With rcgaid to .spiing wlmh will* resist ccrliuri c(»rro8ive’ nunlift. 
steels, the projMTtiea and e(»mpoHiUnii of a i^Klww heie the hul)g*e1 of lonosion is fully 
typical railway spring linvr* already Imhmi i state<l, lienee it is only^ m'lessary Hen* to 
stated. The major js)r1ion of (he heavnT . ih-ir riU* (In* Ht4*<is uml f'}y*ii' pro|K‘r(i«*H. 
springs manufaitured are of carbon .stee^ but j (i ) f'hromiuw Sluh. It luul long l>een 
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418 
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known that allovs of i?oii ami «•! tomium were 
mor<* resistant to oitlinary lotfosivc inWuemes 
than earlsm sbsis and iron* TliiH*kriow^Hlgi5 
wa.H gradually#levelt)|K*l, but ibc real industrial 
a hievcrnenl came when Hn’arley, sonn* years 
ago. working in the Ifni^n-^irth Kewareh 
balMiratories, deve|f»jK*d a ehnimium nkeol 
I which could Ik* hardened and temjK'red os a 
knife and yet pms<*9s such exa*llent ffbn* 
produced from ehrornium - vanadium steel, . eornaling properties that the kriivr** would 
chnupium-silienn ste«d, silieo-mangantsse steel,* i successfully ivsist all the staining influeneea 
and, indited, other alloy jtecls, and the results | eneounterisl in <lormi|tic use. This now 
obtained are typified in Table 19. well-known “stainless” steel was fouml to 

As the principal feature is the high elastic ! have* other exrtllertib projxi^ies, suclr as 
range free^rora brittleness, it ^dhiWTi that after 1 indention of strength tA a marked degree 
haitlening the spring should just Iw tenyiered | with as<K*nding lenijK*ratures, lyWtively good 
in such a that the temjienng opVatjfin j resistance to •xhlation at higher tern jieralures, 
removes the extreme brittleness and internal j <^>up!e<i with ex<tllenb mw*hani<*al firojiefcties 


with the advent of the alloy st<*elM eonsideiabh 
improvements have lK‘<*n brought • about. 
The result is that m the « use of automohile.s, 
ete., a inueh mon* satisfactory spring is 
obtained, for. a satiHfaetory spring a high 
elastic range w neceasary’. ami the (simuity 
for plastic deformation only enters info the 
matter in so far as it is suftieient to eliminate 
undue hrittlene.SH. Sprint^ plates are now 


i^resses set up by quen#hjng and, tb<%»ame 
Umo, retains a sufficient hanlness in the steel. 
If spring plates are made <if carNm steel Ihertt^ 
is a coDskierable danger* in ove%5jm|)ering, 
with the result that a low clastic range* is 
obtained. The preeence of alloys enables 


at ordinary^temjKiratuses. Stainless steel nmy 
1« well representefi by the fiTllowing analysis : 


0«rt>nn 

• * Manganese 
^Chrootiam 


Per cent. 
030 
0*30 
13*0 
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Ukrosraph J .—AoneaKd Uigli-speed Sted. Microtffvpb K.— hardened High-spied Steel 

Etched. X 600, ^ 4 , • ^ Etched. X 500. 



fffEELS, SPfeaA 


The carbon change point takes place at about | 
820® C., viz. nearly a hundred degreee higher i 
tharf ig the case in carbon steels. KxiK'rienooJ 
proves the necessity of hardening by water | 
or oil quenching from 950® C. to UKX)® C. ^ 
if after quenching a truly hard condititm of ^ 
steel is t<> be attained. Tcmjwring by heat- 
ing to gradually ast'cnding teinVratures 
softens the steel, and conditions may l)e i 
obtained ranging from the projKjrtitvs of knl^c ' 
to tht)se «)f a high tensile steel. In Micrographs 
L and M will l*o found res|)e<'tivcly the niicrt>- 
structuroa of the annealed and hardenetl 
conditions. 


Htlel i% just over 800“ C, Jlils annealing 
really amounts st(» an ^ver%ew))ering effect. 
Articles may sub^uently l»e l^encd and 
tenipenxl afU# taking heir final Ihap^ •allow- 
ance men‘l>’ lieing made, tor finish jmndfffg. 
In grinding such artuh‘8 it U^newasary to 
mention th.it the griiuling iTjieration ilMf is 
liable to lead Uia scorching elhvt hy over hesit- 
mg, which win affect the stainless properties, 
unlesM carefully prcveiiUHl. 

A.S an i'istance of the non nisting properties 
of the material it may U* rnuptionwl that 
many knives have now in iisi- for a nuiubor 
of ycai-8 in tropical countries, such as Kquatorial 



In Tables 20 and 21 the range of condrtions Afnea, Burma, and elsewhcrc, and b#ire 
la illustrated, • rcniairu-d entirely bright snd unstaininl. ^ 

In Table 22 fairly full mo#lianieal pniperties It is of interest to n*cord that tjiis staini^ 
arc given for the two conditions in which it is steel has quite gt^id pro|KTtic» as a permanent 
likelyAo be of most service. * magnet, «inre with varying heat-treatments 

(ii.) 8tainl(M iiUel. — Th§ stainless steel which a coercive force of 40-f9 may ba obtained* 
is used for cutlery should l>e put carefully toget^r with a rcmonence of 7{j00-fi(»40. 
into the correct degree of hardness if the best It m of interest ti^recxird that a fuifhet 
stain-resistfng condition is be* attained, development of stainless steel has now lx*en 
There arc many uses to which this stainless made by the origjiial manufoetaltrs, in that 
steel can be fut, and indeed they ar^onjy they arc now ffble to produce a special stainless 
limited by the supplies of the ipaterial. •The sl!^el which has thi jiaAicularly advantugeeus 
s^I may readily l»e #forgc<l hot to# any properties Ifl being ifon - rusting and non- 
particular shape that is required sat tempera- ^staining when in the soft condition, yhis now 
turca round about 11.50“ (t,, and may sub- •^enables stainless stgel articles be manH- 
Isquently Ibadily be softehed for^nachining faetured in this newlytleveloped steel by cold 
purposes by annealing at a temporaturoi bf prssdfhg,* working, cUf., without further 
750® C., i.e. since the carbon chanj^-point in treatryent. • 

• t * • 
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. IArdevkd O.W' C., Slo<^ Om.RD apier Temperinq 

I t • 


Nt'{iij|M'rlng ^ 
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Table 21 
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oloilo that tiui amount r>f oorroBion wth 
ordinary fjosh Mater, .sea water, and acid 
Iniuors deerea.sea n.s tin* ixTnmtatre of nickel 
ine-ease.s Steel.s lontaimnu above 18 ))or 
<‘<*iit of nickel may be le^ardial as l)ein|j 
piaetieally non-eorrodible. lhof(>sHor Howe“ 
Uive.s the following eornpaiative fij/ureH for the 
eorre<libihty of four .steels, Ukin^j wrought 
iion as^the standard (-(‘e Table 23). 

T\iiik '.3 


I 

I I 

i 1 

? I 

5 « i 


^ I 


I 20 |H’r cent nickel . i .'«) i 32 

I 3 per cent nickel . | 07 i 8f» 

I MiKlcarlj^in hUtI . i 103 94 

j Wrought Trojfj 


n 


32 

83 

114 


, f 

(lii.) Mckel —Certain Hf the higher 

I>e»i'entage nickel sivdA ntist rusting inflA- 
onces reasonably^w'ell, Ifut not as Atiafaetorily 
as the c^iromiuni sU'cla just deserilK'd. The 
ciftroaion of nickel bu’oIs 1^ licen investigated 
by Friend, Bentley, aad West.* They eon- 

‘ Jottr iron nnd MeW* /»«<., Muy 1912, tind Vokr. 
Irm and SU<tl Inst., 1913. « 

• • * * 


100 j 100 


31 

^03 

100 


D.^M. Buck* shows that the presence o1 
c(y»|)^ in nickel steel assists its^non-oorrooinj! 
proj^rties, (^uillaume * states that a steei 
con tuning 4^ per cef't nickel is less subject 
to oxidation than other steels. Furthei 
rnforniation on tht^ non-m.sting properties ot 

,* On'enwtxKl and .Sexton. Iron and SM, p. 226. 

Timer. Irttn and StfrI Ind., Hay 1915. 

* Rtndu*, cim 15(!i. 
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huf can be obtained in ^ther^forgiif 
including thaW)f ^ast^gH of diverse «hai)e. 

Typical magnetisation turvca for a few 
materfaU can U> ccjnstyicU^fritin the folhiw- 
ing»figuW ^Table A) : , 

* \ • Table 24 


'steals, special 


- 1 - 


11. 1 


B.f’Llnes per Sij Cm. 


c.tj.s. 

Units. 
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Iron 

^ Annciiicd. 
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Dynamo 

.S)ieet 

3?per(‘entC| 
! C Slli( on i 
1 Sted Slieet. | 

Kleetrnlytic 

Iron. 

A nnealed. 

1-5 

8.(MK) 

4,1.50 

j 9,3'0 

13,.500 

3 

1 1,100 

9,4(H) 

! 11,750 

14,800 

5 

12,8<M) 1 

12,1.50 

j f 1.3,050 

1.5,250 

10 

14, 6(H) 

14,700 

1.3,950 , 

1.5,750 

20 

1.5,650 

1.5,820 

1 14.5(H) 

16,150 

:io 

l6,:i(K) 

16.100 

14,860 

16,5(X) 

50 ' 

16.9(H) 

16,700 

1 15,550 

1T,6(1() 

100 

17.9.50 

17.7.50 

16,8.50 

19,2.50 

•2(M) 

19.250 

I9,1(H) 

j 18,250 

19,6.50 

4(K) 

1^ • 

20.H0# 

20.6.50 

1 19,4.50 

! 2I.(.(M) 


The energy l(*MHes, using a inaMinuni in- 
duction B of 10, (MX) at 00 cyclcH jicr 

aocoocl, with Mheets of 0 35 inin. thickneas,* 
fur ordinary steel are about 1 to 2 watts |K'r 
lb. Jur hystoros* and 0 5 to 0 0 for eildy 
currents. 'Phe corresponding values silicon 
steel are 0 5 to 0-8 and 0* 1 2 to ()• 1 8 respectively. 

§ {<>'2) ^’ON %M^(1NKTI0 STKKfA (i.) 3/oa- 
ganeM SUd. -Owing to the importance of this 
steel, which contains approxiinaUdy 13 |)er 
cent of maif? ine.se #i^eparato aiticlo i.s devoicd 
to it by the discoven'r, Sir K. A.^ladficld. 

(ii.) Ntrkel Steeh. -N«n - magnetic nickel 
steel, ‘discovered W»y Profeasor llopkinsou^ 
ill the year 1880, li^s an average composition 
of 25 per cent nickel w^th 0-25 per cent earlHin 
and 0'25 jM'r ce^t manganese. ^When quenched 
fnmi w»0-^MH)° P.^this steel has a permeability 
of iurqi'Ucalty 1, 

Colver-dlauert and Rilju'rt *^dve the follow- 
ing datai (Table 25) e<uicenung the magnetis- 
ahility of 25 jvr <» nt nickel steel after various 
luSat-treatinenUs : 

, ^ 'Fable 2“» 


- 

15 
25 
50 
75 
‘ lO*) 
150 

aoo'' 

' 300 


Uuoiii hml 
(nmi 
IW C. 


OU"!*) hm{ 
inmi 
IWO'* C 

' 6-2 
,20 
25 : 

30 


Ouvni h«<l 
from 
1S40“ (• 


152 5 
315 

* 


843 

981), 

1170 

1337 

1521 


a 

18 22 
32 
85 
112 
140 
177 
213 
244 


244 j 


‘ iVor. Rotml Soe., 1890. xhUl. , « 

' Iron and SU*i /ru<., 1^11, No. 1, 387. 


The Steel in the non-magnetic condition, 
when c<K)led below -40® C., becomes strongly 
Niagnetic, and this property is retained on 
returning to ordinary temiieratui-es. tHe non- 
ro^etic state may lx* reproduced by requench- 
ing froln 600® C. The presence of chromium 
materially reduces the 
amount of nickel necessary 
for the production of a 
non-raagnetic steel. A steel 
with a composition of 0-53 
per cent carbon, 0-83 per 
cent manganese, 3 02 per 
cent chromium, and 16-05 
per cent nickel is non- 
magnetic at ordinary tem- 
jxjratures. The references 
.stated will be found useful.® 
§(53) ArmamkntStkels. 
— It may lx* said that the 
aiil.ament steeli refleerto 
an f'tlieient degree the pro- 
gress of steel metallurgy. 
Unfortunately, the nature of ti»e work preKmts 
a full discussion ^As a general sbitcipent it is 
tru(! that p'licro latge masses are inquired the 
alloy steels which uill U‘st produce them are 
employofl unlin itatingly, ifnd it is hujied that 
the lU'.xt decaile will !(*ad fo the apjilicntion 
of steels hit hoi to used almo.st s«>Iely for such 
puijioses to general engineenng uses. 'Phe 
niekel-ehromium s(>n(*s of steels in }>articular 
has proved of great importance, and jierhaps 
more research woik has bi-en done in eon- 
neotion with ‘^onie of that seru-s than in any 
other field. 

APPKNDIX 

sV-i) roNDlTlONSOF MkcHVNU’AT TkSTS QUOTED 
IN nn Ahtk I K ON Si’huvL Stkki s. Ftg. 4.) 

(i ) Tetmlt TeM. - 'IVdhiIc Ii'hIh nro enrrif'd out 
in ft 50. (MH) kgin “Olsen” listing inucliine. Tins 
ninehine is of the multiple leVer tyjie, 'Plio machme 
IS tilted with gear for nntonintira)iy adjusting the 
jftekev* weight forwards or bnekwards so as Ui keep 
the lever in balanee. 

The standard form of L-st-pit-oe is 2^ parallel, 
564' diameter, niKk. oM-r-all length V. The pull js 
applied through heads in the ends of the tcst-picce, 
IJ' diameter. These art* held m screw copters 
wlueh connect through the shnekles of the machine 
by sphencal-softteA Ants. The standard rate of 
pulling adopted is -31' ja-r minute. The yktd-poiat 
of tlie ma^Tial is taken as the stress ^bich gives a 
permanent set of the test-fiioco of 1/100*. For 
onlui^ry testa this extension is determin^Vi hy^ng 
dkvidtm N't to the gauge length. 

• IJarrett. Brown, and ITadfleU), Jour. Inti. Meeh. 
Kwg/Aprll 19(52. xxxt., nSld April 19U, xlvi. ; Colvir- 
(Bauert and •Hllpert., Jour, Iron and fileel /nK., 
itSept. 1912; Hilpertsand Mathesins, Jour, Iron and 
Stftl Int^, Sept. 1912 : Buroess and. Aston, MH. 
anti Chmu Unar., Jan. 8. 1910, 23-26 i Honda and 
TWIvigl. rtlAotw Vnir. Net. Itept., April 6, 1918, 
321-340. , ^ 
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OTEELS, SPECIAL 


For including dcterminatioim of tfco j broiwlflide horizonUlly on rollers ^ diameter at 5J' 

plastic limit af inatcnal, an pHtPiiBometA siMin, A tool having a radius of at the tip jg pressed 
tlio “swing” fyfv* is tiltcd.U^thp tiisl-pipce. lr»l down vertically at the centre of the test>pic^, and 
tliis iUHtruiu^it a small glass H the downward dcfhajtion is continued Aitil either 
nient'e^uiil to five yine>%the etttr^siixi of the t<‘Ht- j ' 
pfia.ie aeroHS tlie ol»j<'otjve of a mic»o*K;(.f>o. By^| 
means of anotjier Wiihyn the eve|)«*ee of the micro- * 
scofsflhe (^TiHioif of the test-pi( ee is easily measured , 
in units of 1/I2ri00'. For d«-termmation of the j 
elastic limit, gradually incmising^loadH are applied ! 
to tlie'pnTi' and Ihe e'ctiaision for each hiad is 
olisiTveil. From tlie reniilti a graph ih plot^^-a show- 
ing the relation hetwn'u loid and elongatum. • 1 

The elastitPlimit of the materuil la taken as the 
limit of proport loiialil v'l whieh is indieat*^! hy the 
up|H‘r end id the straight line portion »)f thr graph 
which IS ol)taine<l 'I'he vield-p«tmt, acco^iling to 
the pii'vioui (htiiiilion of this (piantity, may also he i 
dcfi>rmiMe<| from sticli a grajdi j 

(ii ) Torsitin '/V 'l/ - -'i'he torsion h st eonsista of 
tw'istiiigt to dcstnictioa of a siiitahly pn p.ire«l tcat- 
pie<!e and olwervirig the loiipii' or luisting moment ■ 
reipni('<l to do this anl. th«' amotinl of deformation 
[iriKliieed III IIk' lest-H'‘Ce ; 

f'lik ' (liiti('Msions adopted for our t«Hts are. o\«r- j 
all h'ligth ri", parallel pot turn y diametei, IJ' long, 

W'ltli Jicads r sipiare at lh«' ends 'I’Ik’ ends of (lie 
jairallel portion are turned to \" radius. The lestf 
are eairusl out in a IO,(HM> n» - |l>s. “ AvtTv ” 

'I'oiHioii Machine. In the first portion of the Ic-st 
theeiigh' of twist ts ineieised liy increments of half 
a (h’gn>e, and the twisting moment mdic'afil hy the 
liiaehme fvr eich angle is ohsenisl From the 
reudiiigM gruj^li is pn paicsl. eonmetmg the angh' ' 
of twist and thc' twiKling moment, and from fin* limit , 
of projsirtiomdity indiealed iiy tins graph the vahje 

of the twisli^y mMiinj^it at elaslie himl of the mutend , ii;;7on''harpy\mu 
IH ohtairuHl Olisi'ivalions arc* also made of the 
maMinnm twisting moment endured Itv the matc'rial 
and ok the total anglii of tw^st up to finetuie of tif 
test-piece, rill' valiiosif twisting moment ohtaimsl 
for till' eliustie limit tVud Iw* the maximum iHrc-ss 
an* concerted into lermai of .shear sto'ss hy applii*!- 
tion of^tlie usiiak formula for .sliei^** stn-y in twistcsl 
shafts, vtr.^' 


fracture takes place or the legs of the piece have 
hcc'ontj jmrallcl 

'I'lie angle of bend at which fracture takes place, 
if it dwH so. iH noted. 

(iv ) C%irpij Test.—'Vhf' test-pic'cc, 10 mm. square, 
60 min. long, is supjKjrleU horizontally, and the 

pressure from tlw' pc'iidulum is ajqilitHl horizontally 
at its centre*, p^i'ssing tin* jiicce against abutment at 
40 mm. «])an. A “ keyhole notc h ” 5 mm. deep is 

made* m the tcst-piecc* at the middle of the simn and 

fumed away from the side receiving the blow. The 
diamet«*r of tin d.ill hole at the bottom of the notch 
jM 1 1 mm. 

'Phe energy absorhc’d in fracturing the piece is 
nK*a8Uifsl l)v the recliietioii in the* angle of swing of 
the js-ndulnm in the same way as in the Izod 

machine 

'I'he rc*8ults lYiay Ik* ej,[>res»c‘d in fcKit-fxuinds ^ in 
kilogiam-metres, or m kgm. |K‘r wpi m* ceiitimetm of 
cToss-section at the fracture \Vt of luj), 22 5 kilixi 
Capaeity of macliuie. .‘)0 kgm. 

(\ ) Fremont Test — The luc'ccn 8 mm. ' ift mm. 
S'ctioii and dO mij^.‘long, is supi^irtcsl l^onzontally 
on supporj^ 21 mih. span. 'I’he nofeli is I nirn, 
deep and I mm. widi*. s^iare shajH*, made on the 
hr<i;ulsi(le at. thejjCC'lillX' of tli*l length. 

'I'he piece is liMsl with the nytbh on the iindc-r Ridrj 
and recedes a lilow from the tup which has fallen 
through a heiglit of siceral meln's. 'I'he dilTerence 
latwc***!! (he initial and residual energy of the tup 
IS the amount alworlied in fracturing the puss* The 
striking vcloc'ity m this test is higher than that in the 


(\i) htxi 7Vv/--The t(*8t-pics'(*, 10 mm. square 
It) scH'tion, la notched transveisi'ly by a “ V' ” cutter 
to a depth of 2 mm and an angle of 45'. The radius 
at the* hottoin of the iiotcli is | mm. 'Die [lic'rc is 
lixcjcl y-rtirally in the vice of the niivchiiie hy the 
lower end, witli the notch at the level of the face of 
the* vi 4 'C'. 'I'he ])enclulum of the machine is n*l(*ased 
whc'ti it swings freely, and a fnife* c'dge camesi in the 
Inj) of the machine strikes the jucce at a distance 
22 mm. nho\e the notch, on flic sjime side as the 
notch. The angle of swing of th# fS'ndulum lieyond 
the vc^lieal after hrt'akmg the te8t-[>iec«* is mdioaUxJ 
hy the pointer From the amount by whioh the 
angle fulls Hhort of the angk* to which the {N'ndulum 
would lui\e swiingKf thera hud las'ii no test-piece, 
the* amount of energy ahsc'rfitsl in brc*aking the 
U*8t- piece IS known, niicl is read by the (K^tor in 
ft. -lbs. 

Tlircx* tests art*' usVially done on one jiiece, the 
notches ix'ing placc'cl on clifTerrnt sides of the piece. 
The heighkof fall of the centn* of mass^if the pendu- 
lum’ IS 2J ft., afici the cajKicfty of the machine 160 
or 120 ft, -lbs. the distance frolfn the«f)ivot 
the striking cxlge being 4 ft. 'The sinking velocity 
(wh^i using Vhe full ca)vieity of the rtutchine) is 
l3-6ift.-«*e. fc \ , ♦ ^ 

{hi.) Arntlfl v4//er»rt/i»j; TeM . — The piece, j' 
Ih nTemxl to as the' “provable actual maximum* •• diameter and 6' loi%. is rigidly cUmfaxl in a x'crtical 
shear stit'ss.” « ' l*osition ht^he va*e erf the machine. • 

(lii.) Berd A rectangular pK*ce }' | ' ^ C'^lar fit* loosely over the top of the piece, at 

section and aliout 8' lonii pi supjxirtetl with the a height of 3* above the face of the diet, and is given 


when' /“s deiintea th^,uiteiisiLy of the 8lu*ar stn'ss at 
skill of Ihe malt'i'i.d. t 

This formula only strictly applies to condil mis 
* -W^mn Ihe elastic niiigi* | 

The* of f-i calculated from thi.s formula by 

sulwctilntJiig the maximum \aliie of the* 'I’M is,' 
n'fernsl to as (he “ ap[>urent m.x\imum shc'ar stn*8a ” 
oil tiu' matc'Har * I 

It IS recogni>»» 1 that this formula diK*s notjndicate 
*lhi^n*al maxiitflim slusn'i tn'Ss which the Timtenal 
can stand, and that 'a inon* likely value for tliU 
quantity is ♦'d vimsl hv^using l^»e formula : ; 

f 

. T.SU’I)*/, > ; 

The* vahip of fs ohtaiyed from this latter calculation^! 



OTELUTB-SURFAdfe COMfBtJSTlbN FUEXA^E 

J- 


• reoi|>c«»ting motion, CAUiOng it U> b«id ; j TIk^ riAU ruJ to lie Hm one iiuHnOf Rn>Ond 

^twutely ^kwani. and forwaida thn.iigh a i^JiKhcxi « limsh n«-wix>»vlii»/t<) almut '* F ’’ 

Utfuu^M of I on ♦*itJicr hhIo of tjw vortjoal, rh<' ^ t‘nM‘ry clutli ^ ^ 

ataiulaiitoapocd adopUxi u tkW alt^^mat.oiw ,.cr> tuU. w pl«o7l x,rt»,.«lU ox f iUv w>rfaot. 

minute. Tlif numter of altematioiw to fiuctniv la m emta^t witirfi. the Inyug rigidly hdd. The? 
rmmHid. ^ a ^ Imnnirr it* from lh<' lop of the tube, atHl a 

(vni.) Stanton Trt4,~ Phw w an altenuung aluick m-^te nudiuj; talo-n «'orr<'h| Fudittg iJit' height of 
teau The tcat piece ih turned to J' dwmKer am. r.'h.Hiri.l opo w-nt^ the h.inlne^' of tl »' mntJ'n.ii in 
6J* long. It u »upjx)rtcd h\ HiipjHirte i\’ Jjian, Tla- ■ ih ^r, , s M..,n 

teat-pK’ce luia a grvmve turne^l round the ei nlro of | 'Jiw 'iiritruinet^^iH elux'ktHi for uixuraev in rt'aditig 

the ti{)an Oo drx'patid 05 wuh' 1 he coniem of the ' h\ <<Lt.iiniiik{ tht ' hIiu'k given hv ii*|)eriiillv pn'iianxl 

groove an- pnu'tically (Mpmrt-, the aetu.il m.liflx ‘ |.hKk/,d uiuluni hardii. >HH, Mippiltxl hy the Shore 

the imu-hine. ItiM'ciiniTii 


approximatuig t« *001*. This is IixkI in the imw'lnne. 
when- it reoeivea blow* fmiti a hammer whoso weight 
ia 4 7 ll¥4 and of wliioh th*' hi ight of fall is adjutU 
nbUt. Ill the present tiwta th< heiglit of fall m ki p« 
at 2*. After oueh blow the marhiiie rotates the test 
piece through 1>«)\ Tlie fnspiencv of the blows is 
kept fairly constant at ltd js-r minub'. The test 
IB allowwl U» prKxxsl until the jtnve fraetur«‘ii at the 
gro»>ve, and the numlH-r of IjIovvs witlwto-sl Isdon , 
fnt£lnre w ns'onUsJ l»y a oouiiUr on tin- iinwhun- 
Tlie machine itaelf hia a ^irlv Ikmvv Inslplate and 
18 idlowtsi to rvst on a (onent*- llooi Thi» gi\*s a ‘ 
fairly firm foundation to withstand the sins k ! 

At'omplete dei^ription of llna m>u him-, whi<h i^ I 
calhsi the ‘Stanf^tn K« |M'al<v| lilow Imp.wt .Mm hini * I 
and w iiftd#l)y llio ('amhridge*^ it'iifilie Instninniit [ 
(’ompany, may la* fitund in this ( 'om pan v^e.italogu* s. 
or in the Jnurvnl tM I run nmt S(rti 
t'anu-gie NumlH-rAir I'II4 * 

{i\.) Sanh.y 7Vs/.%-r)iw w earriivl «-ut in a nviehim 
nwle by MesHrs. < imella it ( o. l.td 'I In t< -t pnse ' 
is I' diameter ami T long It mtUnijsdat one • ml 
in a urip earrnsl at one emi of a stiff eantilmer spring 
At the other end of the piece a long handle is li\«s|. 
Iraying a fns- length of t« «t pnse of 1|' 'I his is 
bent btiokwards and forwanlrt through a Hlaiidard 
angle, which isahout 45}' on tsn h side of lhe«trio/ht, 
until the piece Imsiks. 'J he slight inoxem* ill sif 
tlie sjinng aituatiA a imvIianiKiii whuh ixs'onls tie- 
value of l>ending nuum'nt put on to tin- puss; at ' 
i-acll ri‘verK,il, From the .lUlographie diagram^ Ih* j 
amount of energy ex|s'nd(sl m fnu’lim- can I*' . 
deiermimsi. • '* ! 

(x.) linnfll TcaI ■ — 'I’lns coiiBihts of pressing a hard ' 
ati'ol hall 10 inm, (kameti r into a flat surface <;f the j 
material to U^^^-Meil, with a standanl pr»-»sun-. and j 
nu-oBuring the diameter of the jK-rmanent ino^n'Shion 
made. > ! 

The presaun* is ohtaiijis] hy oil acting a Binall . 
piston and ojs>ratisi by a hand-nnmp. The slandanl 
U*at is made with a pressur*' of TviOti kg. ke{*l abswlv 
for 30 (HxiondB. With small *am|>les, the sb-a-ly ^ 
pr«wU^ uaed mav be made l.VK) or 500 kg. 

In each case the hnnlm-nf fvHue is' given as the | 
presaure jior square millimetre of the concave wirfaoe 
of the impnxision. The convenuons from millimctnn ' 
diameter to%ardhewqtiamber arc ijcady^vorkixj out , 
in the form of a table. 

(ift.) ScifroAfftpf UnrdntA^ Tf/tln —Theae arJ^rnavio , 
by meaji^of the “Shore Scleroscofs’. ’ Tlie i-vili^i 


luH^liinx II t‘o 4 

(\n ) H'ldihr Toix 'I‘li«‘ Wohler t 4 >^f is eiirrie<l < ut 
by lobvtiMg the b.ir. IimsI at one eml ami iiirrying a 
lo.v«i .it till" otbii. Ill e.nitili v er tashiuii. The |Kirtion 
of till* te^t pi*s«e wheh IS inoMt wven'lv stnssisl is 
usually Hoineuhiit siniillii in diameter than the 
of till bar, and thi.s j«ort|on i** terinnialisl b\ gi.idnaliy 
lM<iiUM‘d ' iMiitiiiiiN. .IS iiulieatisi in tlie diagtam 
III p .'I'l" Till- valui' of the Nlo-ss aitl./i^ in the 
nt.ilin.d .0 till' most sinn ly htossivd {Minit is usually 

e iji'iil it**d I 4 e< oixling to tin eAstie theoi y, i r 
a 

.. M M at ws’lioil ' M0 ^ 

Mix Strc'is , 

.MiHhiius of MS’iion 

«♦ 

^At any inst.int the up]M r lilin s of the ti'st |ii(s:i' carry 
the ii'iMiniiMi tuisih- stress in the niat 4 *rnl and the 
low* St libn-H I'.irty tie* imiMinuiti eompis'hsive sln*ss. 
Ihinng th<* lotatioll of the lest piree it is Sisli, Miere. 
fon*. thf .1 pvrlK'ular |K>int in the snrfiK’e of the har 
parses thiough a ('v* |e of < hange of uln-ss stait 
ing fiorn niaMinuti' tinsioii, eliAn'^ng giiidiially to 
irinximum eoinpiession, and ilnii 'hinging hack 
ygaiii to m.iMniuiii ti-nsion 

In testing a |uirfirii!ar mabyal sen*^ of ti'sts are 
rnadt in whieji tin b-st pus e is Ktri'ssi'd txi different 
mb iHiti* s, ih*' iiirn Is irig to d' liTmim' th<‘ vghie of 
fctiiss under w ha h thi maliTiij^ could be rui» for an 
nub hnite inimls-r of nvoluthoiis without fracture. 


SrKi.i iTK : <i hard, non-diufile iiw-J in 

the iiiamifi'^ tun* irf cutling - tools* Stu* 
AlbiNH, Some SjK-cial, ’’ § (3) 

SiMI-FINU .MAlt:HIAI.M JN f'oFi^KU lll-KININfl. 
Sn- “foppiT, Klf( trolvtii- Iforming 

ti («). 

STRFCTURAb Stkki.s. Soo “ Su«‘i<s Sjs-cial,” 
§ (4(i) 

St'i.PHi R. existoiiee iii* hUh I. Soo “ Imn- 
oarljoM Alloys, ' § fH); nisei “ Sl-ools, 

SjH-cial/’ (3ti), * * ^ ^ 

Spi.rurRir Af'ii) a/ldM to ci^pfxtr - plating 
hath. See »“ t’Api^s-r, Eleotrolytn: lU-finmg 
• of,” ti (3). ^ . 


m«nt consists of a gloss tube oboiit ]h' long in which . 

•Mdcfl a small lAeol liammer.^^ving o diamorul t#pat j St:RFArE roMnfi.STiON*FrRNAf B. Sf!<J “ Fur* 
the underside, ^ ' J, nacoH for I.AlKiraU)ry Use,” § {!()). i * 
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fASTABUM-iSllAHIUM, 


• • 



TASTALfJM, physical ^ prllpi^iog of. Soe 
•• “ \ll(»yH, Snino Spocial," § (4).. 

In hUhI S) 0 o^“ Sigiols, SjKJcial,” § ( 2 .>). * 

Tkmteh ('ar.oiiuH in hU'cI. Stjo “ Iron-carbon 

Alloyg,” § (11) c 

Temi’EKature, hiii'b, influence on plwHical 
pro|MirtM'H of See “ Steolw, Siwcial,” 

§ ( 4 ) ( 1 ^. 

Ijow, influence on the phyHi(*al projwrtioa 
of irf)n and stool. Soo ihuL § (4) (A). 
MoaHuniinoiit of funmeo. S<io “ Motale, 
Thormal Study of,” § (4). c 

I'imo ciirvi'H. S<'o tin/, § (8). 

Uniformity of, in a fnmaco. Sik> ” Kumacos 
for%Lil)oratory Use,” (1). 

Tkmi’KKINo : modilirtition of tho liardnosH of a 
ipiotirliod or c(Xl. Worked m<‘tal (usually 
^ ^tool^ by Hub}^i(|uout modorato hoatiui', 
followt^d by coolinj: in air, oil, or water. 
StHi ” Mtitals, 'rhermal ami Mechanical 
Tn'atment <.f.” § (II); also “Stools, 
S()ocml,” § (44). 

Of sUhiI. So<'^‘‘ Iron-carbon Alloys,” § (II). 

Tkhnaiiv Aij-o\h. S<h' “Metals amL Alloys, 
Micro -structure of.” § (8); also ^‘Stools, 
SiKH'iaJ, ’ § y U 

Trr.nauy Sn.stkm in a tHuios of alloys. S<no 
” Alloys, ( 'onstil nlion t>f,” § (4). t 

Of alloytffditlentil tyires of. Sw ibid, § (."») 
Of alloys, r«'preH('nlatiou by a'solid model. 
SJi.HM/xt/. § (1) (u ). € ‘ ^ 

Thkmmal ('()Ni)i:('Ti\^TY of alloy sU'cls. Sir 
“ StlM'ls, SjKM'ljfi,” § (10). ' 

In ndation to a cou?position of alloy.s. Sir 
“iMIoys, ‘rile llolationslfip of *Structuro 
^ and riivsicivf t’onstants,” § (3). 

THKttMAi. (VKVK.S. }^>o “ Ml tals, Thormal 
Study of.” § (8). 

Tiiekmal Ki.ifiTRl} MoTivK Kor(’k it) ndatlon 
composition of alloys. Sir “ Alloys, Tho 
^^’.’Mationship of Stnictun^ and Physical 
Uonstai^;,” § (4). 

Thermal Sti oy of Metals. Soo “ Metals, i 
c Thormal Study of.” 

Thermal traj^sformation {Hunts in iron. Soo 
*ij roil- car l>*n Alloys^;/ §\:i). ^ 

TiiEHMo-cori’LBS, for moasuroment of furnace 
torniiorat^^s. Soo “ MctT.ls, Thermal Study 
§ (4) ; see also “Thenuo - couples.” 


• • 

Three -PHAS^ Furnace. See “Fuma«ui 
Ijle^ric.” § (4) (iv.). 

Tin in steel. Soo “ Steels, Special,” § (23). 

Tin - rubspHORus Alloys, See “Alloy 
Systems, I’ypical,” § (12). 

'JooL STEEI.S, Analysis ; hardness. See 
“ Steels, Siiecial,” § (47), Table 17. 

Transformers, for electric furnace work. 
Sir “ I'urnacos, Klectric,” § (3) (iii.) ; see also 
“Transformers, Static,” Vol. II. 

Tr^n.sparent Ueflectou; a disc of thin 
j)Iain Klaus jtlaced at an angle of 45° across 
tho axis of a microsi’ojr dinrtly ojiposite an 
ajiertiire in tlm side of tho tiilr, os used for 
the examination of^mi'tals under “ nornwl ” 
or “ vertical ” ilinmmation. See “ Metals, 
Microscopic Kxaminatiori of,” § (0). 

Trilinear Uo-oiu)inates in /Uemary s^toin 
of albkys. Sir Alloys, CWistitiition of,” 
.U4)(i.)^ '■ 

Troostitk : a constltiimit of steel. See 
“Motal-s amt Alloys, Mic^f) - structure of,” 
§ (7) ; also “ Iron-carhomAlloys,” § (10). 

1 iniR luKNAi EH. Sir “ Kurnacc.s for liabora- 
tory Usev” § (2). 

1 UHEM. Soo “ Metals. Thermal and Mechanical 
I reatiiient of,” (7), 

Tunosten, physical ])ro|)ertios of. See 

, “ Alloys, Sonii* Sjrcial,” (4). 

In Htirl. Sir “ Stct'Ls, S{rcial,” § (32). 

lUNiiHi'KN Steel, elTci't of temperature on 
tensile atnmgth. See ‘‘Steels, Strcial.” 
§r/4) (B) (1,), Tahlo4. 

As magnets, cirrcive Voreo 55/05, reman- 
enco 9/11,000. See W, § (9). 

Twinned (’ry.stai.s consist •Af two indi- 
viduals united symmetrically about a plane, 
which is a {jossihle face of the crystals of 
the sillwtanec, or alxMt an axis which is 
a {K>8«ihIo crystal edge. In metal sections 
twinning makes itself evident by tho presence 
of hands of different hut uniform orieittation 
forming parallel .v'stems. Sir “ Metals, The 
Ridations of Strain and Struetun',” § (1); 
see also “ Cry'Htallogra()hy,” V'ol. IV. 

T\^e Metals p lead-antinlony alloys, contain- 
intr bismuth or tin, employed* %r lype- 
^ “Alloys, Some ^Special.” 

♦ ' V 


URiVKiTTM in steels. 


'See “ Sfeels, Special,” § (34). 



VACwu FilsK$u«iRco!mnc 


Ml 


t 


« % 


Vacvi^ FLA8K.S, for maint-ainmi; ctiM* VIrticjil li^c^itATioN : thi'* methoil of 
junrtidh Qf thornio-cou|>f(»«. Soo " Mi-tnls ; “ 

Thermal Study of,'’ § (4). • ♦ 

VAruuM FniNACK. See “ h'umaoes for l-rf»l>oi- ; 

atorj' Uho,” § (ti). • i 

Vanadium in steel. Soo “ Stwl.^, SjKu'iAi." i 

§ ( 24 ). . 1 


illumu^tinn A NjUH lIiieif under ini«x»se^io 
exjunif It ion so that ^ho li^ht falls ujitiu 
tlu* Nurf.Ko of tli<i ^*)K>lla>on ii a *ilirot’- 
tii'U at iiL'Iit aiiijlow to that Hurfa<'<'. S<ni »' 
’ MotalN, I^K-nwopio Kxaiuinatioii of,” 




VVatchks, rom|M'nsation of, uh- <'f I'lirnar : 
f<ii. See ” Invar and KInnar,” ^ (l.‘t) 

Wkldino : the projxM'ly hy homu* 

metaU <tf adh«'rmi' ^^h('n sijl»jert<d to 
an external force, su< h as li.animenni* 

“ M('tals, iK'fetJs and Kailnn* of.* 

S («). 

WiHK - DRA\viN’(j : the prodiicluei «»f rod or 
ujl^) of Htun^ rhaineter l»y fon iMv |>ull' 
ini' a rod *tlirou|'h aiM-esnivelv •smaller 
hoio!’*iil*a plali* or <lf'. Si'f; ” Met.ih. 


'I'hcrinal and .Mechanical 'rn'atnient of,” 
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